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ABSTRACT 
The modernization of human life has set up a huge demand for smart portable 
electronic gadgets and large-scale electric appliance for applications in daily life. The 
list of these electronic appliances ranges from the very popular smart mobile phones 
to environmentally friendly electric cars and the robotic rover “Curiosity”, the 
ultimate human technology working on Mars, which represents the necessity of 
electronics to explore beyond our world. To make these electronics more handy and 
suitable for daily life, a compatible and sustainable power supply is a must. Portable 
energy storage devices have attracted enormous attention as backup power supplies 
for modern electronics and to resolve ever-increasing environmental concerns 
through their capacity to work with intermittent renewable energy sources. The 
electric double layer capacitor (EDLC), also known as the supercapacitor (SC), 
which is mainly based on carbon based materials, has attracted great attention as 
power backup for consumer electronics. The nature of the source materials for the 
SC makes this energy system highly promising for portable applications as well as 
large scale applications, and it is already serving these purposes as a mobile power 
bank or power source for electric buses, with potential for the development of future 
electronics. Moreover, to make the dream of portable, wearable, and flexible smart 
electronics a reality requires lightweight, high-performance, flexible supercapacitors 
to store the power quickly and back up devices in any mechanical deformation mode 
in the blink of an eye. The ultimate performance of such a flexible supercapacitor is 
principally dependent on the intrinsic electrochemical properties of the constituent 
materials, their mechanical deformation capability or flexibility in charge storage 
capability, and their architectural design. Application of ecofriendly and cost 
effective materials to fabricate flexible electrodes is one of the most challenging 
factors in the quest to develop flexible supercapacitors for energy storage. To date 
most of the electrode materials are powdery, which require time-consuming classical 
approaches to design flexible electrodes for flexible supercapacitor fabrication. This 
traditional methodology makes the process not only lengthy, but also expensive. 
 Considering the simplicity of electrode fabrication approach by using eco-
friendly materials, the main focus of this doctoral thesis is on the development of 
mechanically stable, high-performance, flexible electrodes for supercapacitor 
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application to serve the purposes of commercial and industrial use. To develop 
multicomponent structures in a flexible format, a smart architectural design and 
commercially viable methods of materials assembly have been explored to develop 
binder- or conductive-agent-free flexible electrodes from available and eco-friendly 
electroactive materials. The composite materials reported here therefore involve the 
functionalization or incorporation of a pseudocapacitive conductive polymer layer on 
a large planar structure of electric double layer material (graphene oxide), with 
loading of another pseudocapacitive materials such as a metal oxide or an electrical 
double layer material (carbon nanotubes). The simplicity of fabrication allows us to 
produce unlimited lengths of flexible electrodes for energy storage. Three-
dimensional, interconnected, conductive porous networks in a layer-by-layer 
architecture have been obtained by using a liquid-crystal-mediated, room-
temperature, soft self-assembly approach followed by chemical modification or 
thermal modification. The engineered architecture offers the benefit of synergistic 
effects from the bio-inspired assembly of components for conductivity, and the 
interlayer space provides excellent charge storage capability. 
 In this thesis, commercially available poly (3,4-ethylenedioxythiophene): 
polystyrene sulfonate (PEDOT:PSS) has been used as the conductive polymer for the 
surface modification or functionalization of graphene oxide. Considering the large 
number of surface oxygen containing groups, liquid crystal graphene oxide (LC GO) 
was used for the study to facilitate the interaction between sulfonate or thiophene 
groups of PEDOT:PSS and functional groups of LC GO. Non-covalent chemical 
interaction or π–π interaction among these two different materials in an aqueous 
medium provided the opportunity to achieve a flexible composition of two different 
charge capacitive materials. In the first approach, electrodes with a binder-free self-
assembled 3D architecture were fabricated by a novel convenient method, where LC 
GO was used to interact with PEDOT:PSS in an aqueous dispersion in order to form 
a conductive polymer entrapped, self-assembled layer-by-layer structure. The 
flexible network based on conductive polymer made it possible to determine all of 
the electrochemical properties of particular graphene sheets as well as layers of 
PEDOT:PSS. The best performing composite obtained from this approach (reduced 
graphene oxide with 25 wt% PEDOT:PSS) showed excellent electrochemical 
performance of 434 F g
−1
 (as a single electrode) and 132 F g
−1 
an aqueous 
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asymmetric supercapacitor device. Above all, an increase in specific capacitance 
(19%) was observed with increasing cycle life, emphasizing the excellent stability of 
this device and the electrode material. In the first study, self-assembly of the 
conductive polymer was tailored by controlling the selective assembly of carbon 
nanotubes prior to the polymer functionalization on the graphene oxide surface, and 
results in a three dimensional ternary composite of reduced graphene 
oxide/PEDOT:PSS/MWCNT. The as-produced architectures were found to be 
flexible, yet mechanically robust and tough (Young’s modulus in excess of 26.1 GPa, 
tensile strength of around 252 MPa, and toughness of 7.3 MJ m
−3
 ), and they 
exhibited high intrinsic electrical conductivity of 38700 S m
−1
 and unrivalled 
volumetric capacitance of 761 F cm
−3
. By considering the total capacitance of the 
assembled asymmetric supercapacitor device with reduced graphene 
oxide/PEDOT:PSS/MWCNT electrodes, a promising energy density of 11.4 Wh kg
−1
 
(at 1 A g
−1
 ) and maximum power density of 2235 W kg
−1
 (at 10 A g
−1
) were 
demonstrated, with prolonged electrochemical cycling stability. The achieved 
performance from the successful combination of different capacitive materials, as 
well as its interesting physical characteristics, make it suitable for integration into 
wearable energy conversion and storage devices. Another advanced interpenetrating 
network of ternary components (reduced graphene oxide/PEDOT:PSS/hematite 
nanorods) was designed to replace the electrical double layer material, multi-walled 
carbon nanotubes (MWCNT), by highly porous hematite nanorods (α-Fe2O3) to 
make the free-standing electrodes more capacitive and commercially viable with 
similar flexibility. The flexible architecture of reduced graphene 
oxide/PEDOT:PSS/α-Fe2O3 exhibits excellent gravimetric capacitance of 875 F g
−1
 
and promising volumetric capacitance of 868 F cm
−3
 at 5 mV s
−1
. Moreover, the 
energy density of 118 Wh kg
−1
 (at 0.5 A g
−1
) and outstanding capacity retention of 
100% after long charge/discharge cycling demonstrate the advantages of the material 
for high performance application. The application of the most abundant metal oxide 
(Fe2O3) on earth and corresponding charge storage capacity make this flexible 
electrode and its materials fabrication strategy a lucrative option for real-world 
flexible supercapacitor preparation. 
 The conductive polymer with functionalized graphene oxide obtained from 
bio-inspired self-assembly was treated at high temperature to tailor the planar carbon 
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framework of the graphene and generate electron-dense active sites on its surface by 
heteroatom dopants released from the thermal degradation of polymer chains 
(PEDOT:PSS). Herein, a three-dimensional, free-standing cellular architecture was 
designed and prepared as sulfur-doped graphene foam (SGF) by using the simple 
self-assembly of PEDOT:PSS polymer chains on graphene oxide followed by 
thermal treatment. Successful homogeneous sulfur doping in a three-dimensional 
(3D) framework of graphene allowed the material to have a large surface area with 
bulk electroactive regions on the surface for better interfacial contact with electrolyte 
ions. By having such structural effect, the SGF offered unprecedented energy storage 
capability in a flexible aqueous symmetric supercapacitor (specific capacitance of 
367 F g
-1
, energy density of 50.7 Wh kg
-1
, and power density of 1014 W kg
-1
, at 1 A 
g
-1
 current density) as a binder-free electrode. The outstanding electrochemical 
performance of this material demonstrates the potential of this synthesis approach for 
various heteroatom-doped free-standing nano-carbon monoliths on a small as well as 
a large scale for high-performance flexible energy device fabrication to advance 
modern electronics. 
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CHAPTER 1:  INTRODUCTION  
1.1. General background 
Concerns about global warming due to the emissions of greenhouse gases from the 
combustion of traditional fossil fuels put the existence of our beloved earth with its 
animal-friendly environment at high risk and urge the modification of traditional 
combustion engines to ecofriendly smart systems. Motivated by this issue, intensive 
research has led to techniques to harvest energy from renewable sources such as 
wind and waves, as well as solar energy, as well as the technology for electric 
vehicles (EVs) and electrical energy storage grids (EESGs). Moreover, the 
technological revolution in portable and wearable electronic gadgets around the 
world increasingly demands compatible and sustainable energy supplies for future 
advancement and is driving the development of alternative or non-conventional and 
renewable energy systems with high power density as well as energy density. 
Batteries, fuel cells, solar cells, and supercapacitors are the most popular non-
conventional energy devices that work on the principles of electrochemical energy 
conversion. The applications of such energy devices range from mobile phones and 
laptop computers to cameras, dresses, and hybrid electric vehicles. Expected future 
developments in portable electronic devices are already causing demands for more 
lightweight, miniaturized, and flexible energy devices to support them.
1
 Different 
smart and flexible prototype electronic devices have already appeared in real world 
applications with the support of flexible energy supply systems (Figure 1.1). At 
present, metal ion batteries are dominating the world market to provide power 
supplies for smart systems, but supercapacitors have also gained enormous attention 
to support power systems along with them.
2
 The development os materials that are 
easy to fabricate, cheap, and ecofriendly, along with modification of rigid structures 
to achieve flexible design, has promoted the expansion of supercapacitors in the last 
few years as sustainable energy storage devices.    
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Figure 1.1: Prototype flexible electronics developed by different companies (source: 
https://gabrielstest.wordpress.com/2011/09/09/50-cool-mobile-phone-concepts/). 
 Supercapacitors, commonly known as electrochemical supercapacitors (ECs) 
or ultracapacitors, represent one of the most popular electrochemical charge storage 
devices and works on the electric double layer principle on with charges accumulated 
on the electrode/electrolyte interfac. The electrodes of supercapacitors are generally 
designed with the active materials featuring high specific surface area, along with 
first-rate ionic and electronic conductivity, which facilitates super-fast ionic 
interactions through the materials, so that the devices are able to store and deliver 
huge amounts of charge in a short period of time. Having this ultra-fast charge 
storage and charge transfer characteristic, supercapacitors have become a strong 
component of portable electronics. Above all, the electrochemical sustainability of 
ECs is very stable, but fabricating them in a flexible design for smart wearable 
materials is their most lucrative application. The rapid growth of consumers of smart 
electronics and wearable device will certainly create considerable room for 
supercapacitors to sort out the power supply concerns. In Figure 1.2, the statistics of 
present and estimated shipments to market up to 2020 of smart portable electronics 
and smart wearable devices provide a clear indication of the future market for 
supercapacitors.   
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Figure 1.2: (a) Smart electronics market around the world: unit shipments (source: 
http://www.technalysisresearch.com/press%20releases/2015%20Press%20Releases/f
ebruary_26_2015_Smart_Connected_Device_Forecast_February_2015.html); and 
(b) Smart wearable unit sales by device category, developed markets, 2012–2020 
(source: http://www.analysysmason.com/About-Us/News/Insight/smart-wearables-
forecast-Sep2014/). 
 Apart from the portable or wearable devices, the electrochemical 
supercapacitor has played a very important role in the modern hybrid electric 
vehicles (HEVs). HEVs contain an excellent internal combined system of batteries 
and supercapacitors, which can suit various energy and power demands. In HEVs, 
the supercapacitors are used for reformative braking to provide continuous energy 
supply in stop-start situations. Looked at from another direction, this active 
combination is helping the automotive industry to reduce its carbon footprint. Due to 
the size of their engines, HEVs require a greater amount of power supply compared 
to the portable electronics. The market revenue from supercapacitors of different 
sizes has been forecastto increase by 4 times from 2010 to 2020 (Figure 1.3). 
Although batteries and fuel cells can store more energy (high energy density), the 
rate of charge delivery is very low. ECs, on the other hand, store lesser amounts of 
charge, but the charge delivery is superfast (high power density). Combinations of 
supercapacitors with batteries, fuel cells, and internal combustion engines are 
becoming popular for a number of practical applications.
3-4
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Figure 1.3: (a) EC market forecast (source: 
http://www.sneresearch.com/eng/service/report_show.php?id=790), (b) forecast sales 
of hybrid electric vehicles (HEV), plug-in hybrid electric vehicles (PHEV), and 
battery electric vehicles (BEV) (source: http://electri ccarsreport.com/2013/01/pike-
forecasts-1-8m-evs-on-european-roads-by-2020/). 
 Above all, for the advancement of portable laptops, mobile phones, and GPS 
and digital displays into foldable or wearable designs such as existing smart watches, 
the flexible supercapacitor is one of the most interesting energy storage devices to 
make this futuristic dream come true.
5
 A significant amount of research has been 
carried out on electrode materials for supercapacitors, as well as on different device 
fabrication methodologies, and more than 100 supercapacitor companies are 
marketing their small-scale or large-scale products successfully. Flexible 
supercapacitors are still restricted to laboratory research, however, and could not 
flourish in the real world due to the lack of sustainable electrode materials and 
appropriate device designs. Nevertheless, the total market for flexible electronics is 
expected to reach $13.23 billion by 2020 (source: 
http://www.marketsandmarkets.com/PressReleases/flexible-electronics.asp). In this 
regard, advanced research needs to be carried out to explore novel materials (single 
component, and binary, ternary, or quaternary compositions) and the electrode 
fabrication approach, as well as device assembly engineering, to meet the 
performance requirements set by the US department of Energy in the light of electric 
power industry needs. Selection of strategic materials that can tolerate the 
mechanically flexible state and state-of-the-art systems design can direct us towards 
achieving high performance flexible energy storage ECs. In this thesis, however, our 
focus is the development of advanced flexible architectural engineering of 
electroactive materials in different compositions, followed by the assembly of 
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flexible supercapacitors in different combinations. The materials preparation 
approach, the establishment of working principles, together with discussions on the 
performance of different types of flexible supercapacitors and the corresponding 
conclusions, will be discussed in detail in the following chapters.  
1.2. Motivation of the research 
In view of the advancement of future portable and wearable, as well as large-scale, 
electronics there is huge scope and many opportunities to develop flexible electrode 
materials towards high performance flexible supercapacitor devices for practical 
applications. Considering the various factors and challenges, in the recent past, 
research and innovation in the fields of flexible supercapacitors has been dominated 
by the following features: 
a) Selection of strategic electroactive materials with low cost and 
environmental friendliness to obtain the highest possible electrochemical 
performance and will be able to stand the stress of mechanical deformation 
to flexible fabrication. 
b) Concepts for electrode fabrication modification, such as developing free-
standing as well as flexible electrode materials, which can be directly used 
as electrodes for device fabrication or can be used to fabricate electrodes 
directly on commercial current collectors without adding any binding 
agents or conducting agents.  
c) Designing innovative materials assembly approaches by considering the 
chemistry among different electroactive materials to form a free-standing 
flexible composite.  
d) Preparation of novel electrode materials with different components in 
binary, ternary, or quaternary hybrid compositions by using materials 
modification concepts such as nano-engineering, natural self-assembly, 
simple mixing, and doping of materials with foreign elements to improve 
the electrochemical and physical properties of the materials. 
e) Configuration of device assembly techniques for supercapacitors such as 
symmetric or asymmetric forms with respect to the electrodes. 
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f) Prototype electronic device fabrication by hybridizing two different types 
of devices such as combinations of flexible solar cells with flexible 
supercapacitors to achieve bifunctional behavior in a single combination.  
1.3. Thesis plan 
In this present doctoral research work, the main goal of the investigation was to 
design and develop sustainable electrodes with flexible multidimensional 
architectures, with the application of novel nano-/micro-engineering approaches. 
Above all, the materials preparation approach needs to be safe and commercially 
feasible in large scale as well as small scale production. This work also includes the 
simple fabrication of supercapacitor devices, with asymmetric and symmetric 
configurations and aqueous electrolyte at room temperature and exposed to open air. 
The precise aims of the present study are as follows:  
a) Application of a natural self-assembly approach for soft carbon 
nanomaterials to obtain layer-by-layer structure with the final structure a 
free-standing and flexible material which should be able to withstand the 
mechanical deformation due to flexibility and can be used directly as an 
electrode for supercapacitor fabrication in the flexible state.  
b) Development of multicomponent composition by inserting different 
electroactive materials, such as other type of nanocarbons or conductive 
polymers in-between the layers of the layer-by-layer structure to give the 
materials good contact with electrolyte ions and fast pathways for the 
conduction. The layer-by-layer morphology helps to keep the flexible nature 
of the new components. 
c) Engineering of advanced layer-by-layer morphology with the insertion of 
eco-friendly metal oxide nanostructures to explore of electrochemical effects 
of ternary structure in the flexible state. 
d) Physical characterization of these materials using techniques such as 
specific surface area analysis, X-ray diffraction (XRD), field-emission 
scanning electron microscopy (FESEM), transmission electron microscopy 
(TEM), X-ray photoelectron spectroscopy (XPS), Raman analysis, etc.  
e) Electrochemical analysis of the materials and corresponding supercapacitor 
device tests by using potentiostats for cyclic voltammetry, galvanostatic 
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charge-discharge studies. and electrochemical impedance spectroscopy 
(EIS). 
The content of each chapter in this thesis is briefly described below:  
Chapter 1 introduces the general background of charge capacitive energy storage 
supercapacitors, the present and forecast market view of them, future prospects for 
the supercapacitors in the flexible state in advanced portable and wearable devices, 
and their electrochemical and physical properties. The motivation of the current 
research, and the aims and objectives of the doctoral study have also highlighted in 
this chapter. 
Chapter 2 represents a literature review on materials for traditional supercapacitors 
and flexible supercapacitors, including a brief history of the supercapacitor, working 
principles of the device regarding electrochemical phenomena, an overview of the 
materials and different components for electrode fabrication, supercapacitor 
assembly in symmetric or asymmetric configurations, and a detailed description of 
flexible supercapacitors. 
Chapter 3 highlights the materials, related chemicals, experimental ideas, and 
preparation approaches used to develop nano-/microstructured composites and their 
characterization tools such as surface area analysis of the as-prepared composites, 
XRD, XPS, FESEM, TEM, selected area electron diffraction (SAED), energy 
dispersive X-ray spectroscopy (EDS), electronic conductivity, etc., and 
electrochemical analysis, including cyclic voltammetry, galvanostatic charge-
discharge testing, and EIS.  
Chapter 4 explores the layer-by-layer flexible morphology of carbon nanomaterial 
combined with conductive polymer to obtain free-standing electrode materials that 
can be prepared via a simple, cost-effective, scalable, and low-temperature soft-
assembly approach to binary materials with optimization of the conductive polymer 
content. The electrochemical performance of the materials was tested in the form of 
binder-free electrode material in a supercapacitor device with asymmetric 
configuration. 
Chapter 5 presents an in-depth study of the materials chemistry and 
electrochemistry of self-assembled multifunctional flexible hybrids with ternary 
components in different compositions. Inspired by nature, the soft chemical 
interactions have been used to fabricate conductive polymer and nanocarbon on a 
different type of nanocarbon platform at room temperature to obtain mechanically 
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strong and flexible electrodes. The mechanically robust and highly conductive 
hybrids were tested as a direct free-standing electrode in an asymmetric 
supercapacitor configuration device to demonstrate excellent charge capacitive 
performance.  
Chapter 6 demonstrates nano-engineering of metal oxide nanostructure on a 
conductive polymer functionalized nanocarbon surface to develop a layer-by-layer 
flexible architecture of ternary components, where the successful interaction of the 
conductive polymer allows the metal nanostructure to interact with the nanocarbon 
phase and makes the composite suitable as free-standing and flexible electrode 
material for electrochemical application. The as-prepared paper-like mechanically 
strong electrode was used as binder-free direct electrode for symmetric flexible 
supercapacitor device fabrication to analyze the capacitive performance.  
Chapter 7 presents a new approach of heteroatom doping in a three dimensional 
cellular architecture of nanocarbon material directly fabricated from the low 
temperature formation of conductive polymer functionalized nanocarbon materials. 
This material is easily scalable and cost-effective for commercial production as a 
universal electromaterial. The cellular morphology allows the as-prepared material to 
be used as binder-free self-standing electrode material for various energy storage 
applications, such as flexible symmetric supercapacitors, lithium ion batteries, and 
sodium ion batteries. The fabricated electrodes were tested across these energy 
devices with detailed electrochemical analysis, revealing the superiority of this 
advanced architecture. 
Chapter 8 provides the conclusions of the doctoral study and future prospects based 
on the present work, with critical opinions in the research field of flexible 
supercapacitors.              
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CHAPTER 2: LITERATURE REVIEW 
2.1 History of flexible supercapacitors 
The advancement of modern electronics has led to an increased demand for high 
performance supercapacitors (SCs), although these energy devices have been around 
for a while now. Based on the electric double layer system, the concept of the 
supercapacitor was first developed by General Electric Corporation in 1957.
1
 The 
research on supercapacitors was very limited until Standard Oil of Ohio Center 
(SOHIO) scientists developed the electric double layer capacitor in 1966. They had 
applied activated carbon (AC) electrodes in their model, which were soaked in an 
aqueous electrolyte on battery terminals to develop the supercapacitor. The organic 
electrolyte based system was also tested.
2
 Commercial application of supercapacitor 
was out of consideration, forcing SOHIO to register their technology to the Nippon 
Electric Company (NEC) in 1978. The first commercial production and marketing of 
this technology was carried out by NEC in 1980 as a “supercapacitor”. As time 
passed, the expertise on this technology expanded greatly, and other companies such 
as Elna/Asahi Glass and Matsushita started production of SCs for portable devices 
such as watches and cameras. The NEC designed and manufactured an asymmetric 
supercapacitor with an electric double layer electrode and a battery electrode to 
simultaneously boost the energy density further. They were incorporated in an 
organic electrolyte based supercapacitor branded as the “Dynacap EC”, the first time 
a supercapacitor came onto the market in the USA. In the decade of the 1990s, major 
attention was paid to the development of high performance electrode materials to 
advance the electrochemical performance of the device. Big companies such as NEC, 
ECOND, and Panasonic also marketed their own devices, with Panasonic 
introducing the “Goldcap” double layer capacitor in 1978 in Japan. In the 1990s, 
Cap-XX, Nippon Chemi-Con (NCC) of Japan and Nesscap were the major role 
players in the manufacture of supercapacitors. In 2002 Maxwell Technologies of the 
USA purchased Montena Components of Rossens, Switzerland, an electrochemical 
capacitor manufacturer, making it one of the leading US producers of 
electrochemical capacitors. Today, Maxwell Technologies has become one of the 
world’s major manufacturers of SCs.  
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 Metal ion (lithium or sodium) batteries and fuel cells haven been developed 
for a wide range of applications similar to those for the supercapacitor. These three 
energy devices work by different mechanisms that have consequences for the energy 
storage performance.
3
 Among these systems, the simple energy generation concept 
of chemical reactions results in high energy density. Batteries have thus become 
more promising for applications in daily life with a more attractive future market. 
Despite these advantages, metal ion batteries face major challenges related to cycle 
life and low rate of energy delivery. Supercapacitors with the working principle of 
electrochemical charge separation fill in this gap by providing high power and can be 
charged or discharged in seconds, while they support a very long cycle life. Another 
major issue with the metal ion batteries is the fabrication methodology of electrodes 
and devices, which restricts advancement to the flexible state, although for making 
certain future electronic devices available in the real world, a flexible power source 
is must. The lightweight active materials of SCs are friendlier in terms of this issue 
and have taken the leading position to survive these challenges for future energy 
sources. Perhaps, the greatest potential for growth and development of the 
supercapacitor lies in the automotive industry with hybrid electric vehicles (HEVs), 
and flexible supercapacitors for portable or wearable materials are increasingly 
becoming popular, as well as in memory protection of electronic devices. To make a 
flexible energy supply device realistic, Li et al. were the first to discover the flexible 
supercapacitor by harvesting the electrochemical effect of single-walled carbon 
nanotubes (SWCNTs) as electrode material in different 1 M aqueous electrolyte 
solutions.
4
 The experimental results on the flexible supercapacitor revealed that 
applying pressure on the electrodes had a positive impact in terms of creating better 
contact at the electrode-electrolyte interface to improve CNT supercapacitor in 
aqueous electrolyte. 
2.2 Principle of operation 
The basic working mechanism of supercapacitors is the storage of energy by forming 
an electrochemical double layer (Helmholtz double layer) at the electrode/electrolyte 
interface.
5
 During the interfacial contact between the electrodes and electrolytes, the 
electrolyte ions penetrate through the porous structure of the electrode materials, 
while the ionic charges spontaneously arrange themselves in a certain order on the 
surfaces of electrodes.
6-7
 According to the theory proposed by Helmholtz, ions at the 
Chapter 2. Literature review 
 
39 
 
interface are diffused throughout the electrode and tend to take on the form of an 
electric double layer (~ 5 – 10 Å thick), comprising one layer on the electrode 
surface and the other layer remaining in the electrolyte phase (Figure 2.1).
5
 Three 
major parameters: the composition of the electrolyte, the structural morphology of 
the electrode material, and the potential gap across the two electrode poles critically 
controls this double layer formation and determines the overall capacitance. In 1910 
Gouy and Chapman later modified this theory, presenting an ionic diffusion model 
for the double layer. They explained that the gathering of ions close to the surface is 
a function of distance from the electroactive material (i.e. metals in their studies) 
derived by random thermal motion, and the ionic charges are considered to be 
distributed in the electrolyte. They also claimed that the electric potential is reduced 
exponentially from the surface. Nevertheless, their proposed model was unable to 
clarify the nature of the electrochemical effect in highly charged double layers due to 
an incorrect potential profile. Later on Stern, in 1924, combined both these models to 
form a new one and suggested that a number of ions can flow onto the surface of the 
electroactive material (internal Stern layer) while the others form a Gouy-Chapman 
diffuse layer (see Figure 2.1 for schematics of all models). 
 
Figure 2.1: Schematic illustration of the double-layer models on a surface with 
positive charge: (a) Helmholtz monolayer, (b) Gouy-Chapman diffuse layer, and (c) 
Stern model, showing the inner Helmholtz plane (IHP) distance of closest approach 
of specifically adsorbed ions and the outer Helmholtz plane (OHP) where the diffuse 
layer begins; ψ0 and ψ are the potentials on the electrode surface and the 
electrode/electrolyte interface, respectively.
8-9
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 The Stern theory introduced the dimensions of the ions as well as the solvent 
molecules and the overall double layer capacitance, Cdl, with respect to the overall 
capacitance of the system, CH. It also highlighted the capacitance rfrom the diffuse 
layer, Cdiff, proposed by Gouy and Chapman.
2
  
1
𝐶𝑑𝑙
=
1
𝐶𝐻
+
1
𝐶𝑑𝑖𝑓𝑓
        (2.1) 
Apart from these above-mentioned models, Grahame in 1940 provided a detailed 
model to represent a more elaborate view of the electrochemical mechanism, 
distinguishing three regions denoted as: the inner Helmholtz plane, the outer 
Helmholtz plane, and the region of diffuse ions furthest from the material surface. 
This precise arrangement, due to the altered dimensions of cations and anions, and 
also the polarization of the electrodes is essential to understand the exact 
performance of SCs. 
 Supercapacitors for practical applications are designed with two electrodes, 
where one is consider to be positively charged in positive and the other is negatively 
charged (Figure 2.2). The active materials in the electrode play the most crucial role 
in terms of controlling the charge capacitive performance of the device. It is well 
established that highly porous materials with high specific surface area are suitable 
for storing more charges, while, on the other hand, a highly conductive network of 
active materials and compatible electrolyte are also favored.    
 
Figure 2.2: Schematic illustration of carbon-based electric double layer capacitor in 
a charging (left), charged (middle), and discharged (right) state. 
Throughout the process of charging, anions are transported to the surface of the 
positive electrode, and cations travel to the negative electrode to form electrical 
Chapter 2. Literature review 
 
41 
 
double layers at the interface. During the release of stored charge, the adsorbed 
electrolyte ions will be released to the electrolyte solution. The gatheringd ions on 
the electrodes results in a capacitance (C), as defined by Helmholtz in the following 
equation: 
𝐶 =
𝜀𝑟𝜀0
𝑑
𝐴         (2.2) 
where εr and ε0 are electrolyte and vacuum dielectric constants, respectively, d is the 
electrical double layer thickness, and A is the surface area of the interface. Upon 
considering C1 and C2 as the capacitance values of the electrodes, the overall 
capacitance (Ccell) of the system can be evaluated from the following equation: 
1
𝐶𝑐𝑒𝑙𝑙
=
1
𝐶1
+
1
𝐶2
         (2.3) 
To extend the working potential window, SCs can be connected in series, but the 
internal resistance can have a negative effect Nevertheless, the total capacitance of 
two supercapacitors in series drops down to half if they feature similar performance 
(Equation (2.4)).
3
 
1
𝐶
=
1
𝐶𝐴
+
1
𝐶𝐴
=
1
2
𝐶𝐴          (2.4) 
where CA is the capacitance of the individual supercapacitor. 
 
The potential range of the supercapacitor is strictly determined by the nature of the 
electrolyte used to assemble the device. As an effect of their small ionic sizes and 
conductive nature, aqueous electrolytes are well known to provide higher capacitance 
compared to organic ones. The inferior decomposition potential (1.2 V) limits the 
voltage window, however, and the amount of energy that can be stored with the 
aqueous electrolyte whereas organic electrolytes can be operated with the voltage 
cut-off of 3.5 V.
10-11
 By increasing the working voltage of the electrolyte, the 
resultant energy therefore increases by an order of magnitude, but the higher voltage 
organic electrolytes possess low electrical double layer capacitance and poor 
conductivity.
12
 The amount of energy (E) stored can be calculated from the following 
equation: 
𝐸 =
1
2
𝐶𝑉2         (2.5) 
The overall performance of a supercapacitor can be boosted by using high potential 
ionic liquids, but a severe issue arises from the cost and handling problems, as well 
as miniaturization of the device for flexible application. In order to design and 
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develop a robust flexible system, there is an optimum balance that needs to be 
established between high energy density and high overall specific capacitance. 
2.3 Energy storage performance of supercapacitors 
Energy density (stated in Wh kg
-1
) and power density (stated in W kg
-1
) are two 
terms that are mainly used in energy systems to compare energy content and rate 
capability, respectively. Both quantities have their density as a quantity per unit mass 
or per unit volume. The theoretical evaluation of energy density and power density of 
a supercapacitor can be calculated from the equations below: 
𝐸 =
1
2
𝐶𝑉2
𝑚
         (2.6) 
𝑃 =
𝑉2
4𝑅𝑚
         (2.7) 
Where C is the capacitance, m is the mass of the electrode material, V is the 
operating voltage, and R is the equivalent resistance of the device.  
The Ragone plot in Figure 2.3(a) shows the relationship between power and 
energy densities for various energy devices and also highlights the performance 
characteristics of these energy storage and conversion systems. A Ragone plot is a 
log plot of the energy density versus the power density obtained from the devices.
10, 
13
 Conventional capacitors from Figure 2.3(a) show high power density but lower 
energy density when compared with batteries and fuel cells. This implies that a 
battery can store more energy than a capacitor but the delivery time for this energy is 
longer (Figure 2.3b), implying a lower power density. A capacitor, although it stores 
less energy, can quickly discharge and rapidly release large amounts of power, 
resulting in a high power density. 
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Figure 2.3: (a) A simplified Ragone plot of power density versus energy density of 
various energy storage devices, 
14
 (b) comparisonof the types of devices based on 
charging period  (http://www.mpoweruk.com/performance.htm). 
The importance of the supercapacitor as a link between traditional capacitors 
and batteries is therefore highlighted in the Ragone plot. Although a supercapacitor 
provides greater capacitance, it still falls short of reaching the energy densities of 
batteries and fuel cells. Supercapacitors serve as intermediate systems that bridge the 
power/energy gap between traditional capacitors (high power) and batteries (high 
energy).
7
 Supercapacitors, due to their long cycle life and excellent stability, find 
numerous applications in car audio systems, photo and video cameras, solar lanterns, 
lightweight electronic fuses, providing starting power for fuel cells, memory 
protection of computer electronics, etc. Furthermore, they are nontoxic and are 
applicable over a large temperature range. Their shorter charging time and high 
power density compared with fuel cells and batteries make them desirable energy 
devices. A closer look at the Ragone plot clearly indicates the following points: 
(a) The fuel cell is a high-energy system; 
(b) The supercapacitor is high-power system; and  
(c) Batteries possess intermediate power and energy properties;   
(d) No single electrochemical energy storage system can match the 
internal combustion engine 
To match the performance characteristics of the internal combustion engine, 
the new trend is to combine these electrochemical energy storage systems in 
electronic devices and hybrid electric vehicles.
15-16
 For example, Figure 2.4 explains 
how this is done with SCs and batteries or combustion engines. Electric vehicles and 
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hybrid cars, which will become mainstream in the 21
st
 century, are designed to use 
energy efficiently and to reuse the energy generated and accumulated during 
automobile deceleration. The time period for this energy generation is very short, 
meaning that batteries can recover only 30% of the energy, while a supercapacitor 
can recover approximately 80% of this energy.  
 
Figure 2.4: Battery powered Mazda HEV where the supercapacitor provides power 
backup to the load in case of disconnection of the battery. (source: 
http://articles.sae.org/11845/). 
From the Ragone, plot it is clearly predictable that the performance of an ideal 
electrochemical energy storage device should be up to the level of the combustion 
engine. To achieve this target, the electrode materials are required to exhibit the 
characteristics below: 
 high surface area to enhance the specific capacitance 
 highly conductive network 
 better porosity to ensure the power capability 
 high thermal and chemical stability for long cycling performance 
 application of inexpensive materials to reduce overall cost  
 application of ecofriendly materials to save Nature in the future 
 light weight 
 excellent corrosion resistance  
Apart from the comparison with combustion engines regarding the large-scale 
applications of SCs, an ever-increasing demand for portable electrical devices is 
driving a huge demand for flexible supercapacitors to continue the development of 
new inexpensive, flexible/wearable, lightweight, and environmentally benign energy 
storage devices.
17
 In the context of the giant market for flexible electronics in near 
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future, it is high time that we design and develop compatible flexible supercapacitors 
with the physico-chemical properties mentioned above.   
2.4 Classification of flexible supercapacitors 
The characteristic constituents of conventional supercapacitors are the outer package, 
current collectors (metal foil), positive/negative electrodes, electrolyte, and separator 
(Figure 2.5). The engineering of flexible supercapacitors can be simplified without 
the application of separate current collectors and binding components or conducting 
agents (Figure 2.5), because the active material network, with its high conductivity 
and mechanical flexibility, can act as both the active electrode and provide the 
support it needs as current collector. Soft and easily bendable polymeric materials 
(such as polybags, ethylene/vinyl acetate copolymer (EVA) film, and polyethylene 
terephthalate (PET), poly(dimethyl siloxane) (PDMS), and Teflon substrates) have 
been widely used as the outer package.
18-20
 The simplified architecture of such a 
design is flexible, lightweight, and makes it really easy to assemble a working device 
compared with the conventional supercapacitor.  
 
Figure 2.5: Schematic illustrations of a conventional supercapacitor and a flexible 
supercapacitor.
21
 
 The charge storage mechanism of SCs is completely dependent on the 
electrochemical behavior of the flexible electrode materials. The SCs can be 
classified into two different categories, namely, (i) electric double layer capacitors 
(EDLCs) and (ii) pseudocapacitors. Recently, a third category has been added that 
incorporates hybrid capacitors (Figure 2.6). The operation mechanism of EDCLs 
involves the non-Faradaic separation of charges at the “double-layer” (i.e., 
electrode/electrolyte interface), while pseudocapacitors are based on the fast 
Faradaic, redox reaction of electroactive materials at the interface, as mentioned 
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earlier. Hybrid capacitors employ both mechanisms. EDLCs make use of high-
surface-area carbon materials such as graphene oxide, activated carbon, carbon 
nanofibers, carbon aerogels, and carbon nanotubes (CNTs). Pseudocapacitors employ 
metal oxides, such as RuO2, NiO2, and MnO2, and conducting polymers as electrode 
materials.
3, 22-23
 There is currently active research on the integration of EDLC and 
pseudo-capacitive materials to obtain high-performance SCs (hybrid capacitors) 
rather than the individual capacitor systems.
24-25
 
 
Figure 2.6: General classes of flexible supercapacitors. 
2.4.1 Flexible Electric Double Layer Capacitors (EDLC) and suitable materials 
The electric double layer capacitors store energy in the double layer of charges 
formed at the interface between the solid electrode material surface and the liquid 
electrolyte contained in the micropores of the electrode materials. The schematic 
representation of SCs based on EDLC materials is shown in Figure 2.7. Because the 
interaction and ion transportation rely on the micropores of the active materials, the 
capacitance is primarily dependent on the porous nature of the electrode material, 
such as the surface area and pore size distribution. Considering this porous 
morphology, activated carbons are the most popular active component for electrode 
materials to be used in supercapacitors for commercial application.
26-27
 Moreover 
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environmental concerns and the natural abundance of carbon made it highly 
attractive for commercial production of the device. The investigation of carbon based 
electrodes for supercapacitors has largely been fueled by the attractive properties of 
carbon. Carbon is a low-cost material that has an impressive surface area of about 
2500 m
2
 g
-1
, ideal for supercapacitor electrodes.
7
 Due to their porous nature, carbon 
based electrodes can store charge in the pores that exist in the electrode. An et al. 
reported micropores (< 2 nm) and macropores (> 50 nm) to be inappropriate for 
supercapacitor electrodes. Micropores provide a slow rate of electrolyte diffusion, 
while the macropores are too large to retain hydrated ions. Mesopores are therefore 
ideal for storing charge in supercapacitors.
28
 According to Frackowiak et al. ionic 
conductivity is related to the mobility of ions inside the pores. Larger pores are easily 
accessible, whereas smaller pores are difficult to access, making the movement of 
ions difficult. Modelling the electrode as a network of resistors was therefore 
postulated by Frackowiak due to the non-uniformity in resistance throughout the 
electrode material as a whole.
29
 Among the different carbonaceous materials, CNTs 
and graphene oxide (GO) have received prominent attention as the leading electrode 
materials for flexible supercapacitors. 
 
Figure 2.7: Illustration of EDLC with porous morphology.
10
 
2.4.1.1 Carbon nanotube based flexible supercapacitors 
The discovery of carbon nanotubes (CNTs) by lijima 
30
 opened up a new era for 
carbon nanomaterials, and they became the most frequently used structural units in 
nanotechnology due to their attractive physio-chemical properties. 
31-32
 This tubular 
structure mainly exists in the form of single-walled carbon nanotubes (SWCNTs) and 
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multi-walled carbon nanotubes (MWCNTs) and is very widely used in active 
materials for energy conversion and storage systems,
31, 33-39
 catalysis, 
40-42
 water 
purification, 
43-44
 biomedical applications, 
45-46
 actuators, 
47
 and separation science 
48
. 
During the fabrication of electrodes from CNTs, they form an entangled and 
mesoporous network, which is highly conducive to electrolyte penetration for charge 
storage.
49
 This morphology also facilitates fast ion interactions, resulting in high 
power density, by reducing the interfacial electrochemical series resistance (ESR).
12
 
Due to their agglomeration properties, their mesoporous nature is destroyed, and 
pristine MWCNTs exhibit a specific capacitance up to 4 F g
-1
 in aqueous 
electrolytes. The addition of functional groups (-COOH, -OH, and –C=O) on the 
surface of CNTs helps to enhance the specific surface area of ~ 430 m
2 
g
-1
, which 
influences the material assembly as well as electrochemical properties of the 
electrode, and a specific capacitance can be obtained that ranges from 70 F g
-1
 to 120 
F g
-1
 with aqueous electrolyte. 
34, 42, 50
 The defects created on CNT surfaces due to 
functionalization serve as active sites for pseudocapacitance, with the redox response 
imparted by the oxygen containing groups or the associated impurities.
51
 Therefore, 
both of Faradiac and non-Faradiac processes are involved in the CNT-based 
supercapacitors. Different methods, such as plasma etching 
52
 and inert gas 
irradiation, 
53
 have been applied to functionalize the surfaces of CNTs without 
destroying their structure, as severe conditions can destroy the microtexture and the 
conductive network, as well as the porosity of the materials, reducing the capacitance 
as a result.
54-55
 Thermal treatment is one of the most promising ways to improve the 
electrochemical performance by promoting graphitization of the materials. This 
approach increases the conductivity, can give a specific surface area of 1400 m
2 
g
-1
, 
increases the pore diameter, and provides a specific capacitance of 180 F g
-1
 with a 
measured power density of 20 kW kg
-1
 for SWCNTs.
56
  
 To design flexible electrodes from CNTs, different approaches have been 
applied to tailor the structural morphology of this nanotubular material while 
enhancing its electrochemical properties. To keep the native properties of single 
CNTs while fabricating them on a macroscopic scale is a challenging point. The 
entangled behavior of CNTs can help in the design of a free-standing form where the 
interconnected network provides porous morphology, allowing the electrolyte to 
access the internal area of electrode materials. As reported by Futuba et al., pre-
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synthesized SWCNT-solid precursor has been used by following the liquid-mediated 
assembly method to obtain a densely packed aligned CNT network.
57
 The as-
prepared SWCNT “forests” were immersed in water after removing them from the 
substrate and dispersed in the liquid medium. As an effect of evaporation and van der 
Waals interaction during drying the tubular structure promotes the assembly of the 
electrode in an ideal packing order to reveal a free-standing single body without a 
substrate. The resultant formation of a SWCNT-solid offers high specific surface 
area and electrical conductivity as a flexible material. The novel morphology of 
SWCNT also provides promising specific capacitance when two-electrode 
supercapacitor devices are set up with ionic liquid electrolyte. 
 
Figure 2.8: Flexible electrode material fabrication from CNTs: (a-d) SWCNTs 
wrapped around cellulose fibers to form a three-dimensional (3D) porous structured 
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conductive textile; 
58
 (e) macroscopic photographs of activated carbon (AC)-CNT-
5% paper (with the inset image showing the bending of the paper with a pair of 
tweezers) 
63
; (f-i) MWCNT forest conversion into sheets and assemblies of those 
sheets; 
62
 (j) Enlarged view of highly twisted double-helix CNT yarn and (k) high-
magnification scanning electron microscope (SEM) image of the helical yarn surface, 
showing numerous CNTs aligned along the twisting direction 
60
 
 Planar flexible SCs based on conductive textiles have been reported by Cui et 
al. A simple “dipping and drying” process using aqueous single-walled carbon  
nanotube (SWCNT) ink on cellulose cotton textile substrates was used to fabricate 
flexible conductive textiles (as shown in Figure 2.8).
58
 A high areal capacitance of 
0.48 F/cm
2
 and a remarkable cycling stability of 130000 cycles with negligible decay 
in capacitance were demonstrated. Inspired by the natural assembly of CNTs, various 
forms, such as fibers, 
59
 yarns, 
60
 mats, 
61
 aligned CNTs 
62
 and sheets 
63
 of CNTs, 
have been reported widely. This assembly strategy provides a new way to fabricate 
flexible electrodes with a view towards flexible supercapacitors with CNTs. Figure 
2.8 shows several types of advanced structural modifications of CNTs to prepare 
free-standing electroactive materials for charge capacitive application. In these 
works, however, the conductive CNT networks served as 3D flexible current 
collectors, which greatly simplified the configuration and mass of the device. 
  Apart from the CNTs’ planar structure, yarns or fibers of CNTs are also very 
attractive because of their high conductivity, light weight and omnidirectional 
flexibility, and most importantly, they can be easily inserted into a textile to develop 
electronic textiles.
64
 CNT fibers can be fabricated from high concentration 
suspensions 
65-67
 or from CNT forests.
68-69
 Dalton and co-workers first reported a 
wire-shaped supercapacitor (WSS) based on two twisted CNT fibers with the use of 
H2SO4-polyvinyl alcohol (PVA) gel electrolyte which resulted in areal capacitance of 
4.63-4.99 mF cm
-2
 and cycling stability for 10000 cycles. They demonstrated that it 
can be woven into textiles.
70
 The fabricated electrodes may have excellent 
mechanical properties. which is essential for flexible device application, but as a 
matter of fact, the randomly dispersed CNTs in the CNT fibers can lead to a many 
boundaries among them, thus resulting in lower conductivity, which will lower the 
efficiency during the electrochemical processes of charging and discharging. In 
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addition, when CNT fibers function both as active materials and as current collectors, 
the relatively low conductivity compared to metal current collectors will lead to a 
larger ESR.
25
 Considering all these facts, the performance of flexible SCs prepared 
from CNTs alone is not adequate for commercial production in terms of large-scale 
production, ease of materials handling, and specific capacitance. Considering these 
issues, CNTs have very often been incorporated into composites with different 
electroactive materials to provide enhanced capacitive performance and provide 
flexibility simultaneously with excellent mechanical stability.
71
 Recently CNTs have 
been combined with other carbon sources such as active carbon, conductive polymer, 
and metal oxides to prepare flexible electrodes for flexible energy storage device 
application.
63, 72-73
  
 MWCNT/ordered mesoporous carbon (OMC) composite fiber electrodes 
were introduced by Ren et al. for WSS application. OMC particles were inserted into 
the void space in the network of entangled CNTs through a filtration technique, and 
the composite featured properties from both the MWCNT and the OMC. The large 
specific surface area and conductive network led to enhanced energy and power 
density when the composite was used to fabricate a flexible WSS with H3PO4-PVA 
gel electrolyte.
73
 In addition, super aligned CNT (SACNT) arrays can be fabricated 
to design highly conductive fibers and films to serve as highly conductive and 
mechanically stable flexible current collectors and substrates, or active materials for 
EDLCs. Recently, Jiang et al. reviewed the preparation and wide range of 
applications of SACNTs,
74
 but the high cost associated with the production of high-
quality SACNT arrays as well as SWCNTs will limit the commercialization of CNT-
based SCs, thus stimulating the research on other substitutes.  
2.4.1.2 Graphene based flexible supercapacitors 
Graphene is a two dimensional planar monolayer or few layers of sp
2
-hybridized 
carbon atoms, which are the basic building blocks of graphitic materials.
75-77
 
Theoretically, graphene has been studied for the last sixty years to explain the 
specific properties of different carbon-based materials.
78
 Graphene was mostly 
considered as an academic material which could not exist in the free state in reality.
79
 
After its discovery by Ander Geim and Konstantin Novoselov, it has received great 
attention because of its excellent thermal and electrical conductivity,
80-81
 outstanding 
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specific surface area, superior mechanical flexibility,
82
 and low cost of fabrication. 
Graphene can be easily prepared from graphitevia graphene oxide or graphitic oxide 
by chemical or electrochemical reduction,
83-84
 laser treatment,
85
 or the hydrothermal 
method.
86
 The concept of graphene based applications for supercapacitors was first 
introduced by Stoller and co-workers in 2008.
87
 To overcome the high electrical 
resistivity problem arising from the surface oxygenated multifunctional groups on 
the graphene oxide (GO) surface they introduced hydrazine as a chemical reducing 
agent to remove them and obtain a reduced form of graphene oxide, which is known 
as reduced graphene oxide (rGO) or chemically modified graphene.  
 The first energy storage performance result, however, was 130 F g
-1
,
26
 which 
was promising but fell short of activated carbon (AC) capacitance values. After that, 
great research efforts were dedicated to increasing the performance of graphene-
based SCs. These efforts mainly involved finding the best deoxygenation approach to 
reduce or chemically modify the GO structure, either by using reducing agents such 
as urea or by directly reducing the structure through physical treatments. All these 
methods, however, were basically unable to realize the promise of graphene to make 
breakthroughs across the EC domain, which is recognized as due to the detrimental 
effect of the restacking of graphene sheets and consequently, the reduction of 
specific surface area during its preparation as a result of strong van der Waals 
interactions among the individual sheets.
85, 88-90
 It was suggested that the presence of 
a continuous 3D carbon network with a wide pore size distribution greatly benefits 
ion transportation through the system, resulting in an overall enhancement in 
capacitance. Even the best capacitance value reported to date, however, 265 F g
-1
 in 
the case of laser reduced GO, although very promising, still falls short of the 
theoretical capacitance value of 550 F g
-1
.
87-88
 This suggests that there are still key 
factors affecting the final performance of graphene and graphene oxide based SCs, 
which should be addressed in order to realize the full potential of these structures.  
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Figure 2.9: Planar morphology of graphene (left) and crumpled morphology of 
graphene sheet in atomic structure (right). (source: 
http://sitn.hms.harvard.edu/flash/2011/graphene-the-coolest-material-that-shouldnt-
exist/). 
 Graphene and its derivatives are very promising for the fabrication and 
development of flexible electrode materials for supercapacitors. The free-standing 
state of graphene layers is great help in building a planar network of free-standing 
layers which can serve as both an electrode material and a current collector for SC 
applications. Another complementary perspective also suggests that graphene sheets 
can be intrinsically stable as a result of crumpling in the third dimension (Figure 2.9), 
causing a substantial increase in elastic energy while simultaneously suppressing 
thermal vibrations, resulting in an overall minimization of the total free energy. 
Ultrathin flexible SCs based on the composition of pristine graphene, multilayer 
rGO, and PVA/H3PO4 gel electrolyte were developed by Yoo et al.
91
 Their reported 
flexible device fabricated from 1–2 graphene layers achieved a specific capacitance 
of up to 80 μF cm
-2
 and could be further enhanced by the addition of more graphene 
layers. Another thin flexible SC device was fabricated by Choi et al. with the 
integration of robust, conductive, and free-standing Nafion functionalized reduced 
graphene oxide (f-rGO) electrodes and Nafion
®
 electrolyte membranes obtained from 
the solvent-cast method.
92
 The as-fabricated SC exhibited high specific capacitance 
(118.5 F g
-1
 at 1 A g
-1
), twice as high as the capacitance of pristine rGO based SC 
(62.3 F g
-1
 at 1 A g
-1
), showing that the Nafion functionalization can significantly 
enhance the electrochemical performance of the graphene. The capacitive 
performance of graphene, however, such as the specific capacitance, energy density, 
and power density, have remained inferior compared with expectations, 
89-90
 which 
could be the effect of restacking of the graphene sheets during its processing due to 
the strong sheet-to-sheet van der Waals interactions. 
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 Great efforts have been made to date to control the restacking of graphene 
layers, especially for energy storage applications.
85, 93-94
 For example, Yang et al. 
reported an effective bioinspired approach to avoid the restacking in multilayered 
graphene films and the application of the resultant graphene paper as electrode for 
flexible SCs.
95
 These face-to-face-stacked multilayer graphene sheets possessed a 
highly open pore morphology with large specific surface area, which is favorable for 
the electrolyte solution to effortlessly access all the surfaces of individual graphene 
sheets. As a result, flexible SCs based on this self-stacked, solvated graphene paper 
electrode exhibited a high specific capacitance of 273.1 F g
-1
 and a considerably high 
energy density, up to 150.9 W h kg
-1
. As schematically illustrated in Figure 2.10(a), a 
direct laser reduction method on GO was used to obtain graphene film, which was 
called laser reduced graphene (LSG) film, and its application was demonstrated as 
flexible electrode for SCs.
85
 Laser reduced graphene film possessed a very high 
specific surface area of 1520 m
2 
g
-1
, high conductivity of 1738 S m
-1
, and a high 
specific capacitance of 204 F g
-1
 in the assembled SC. 
  
Figure 2.10: (a) Schematic illustration of the fabrication of laser-scribed graphene-
based SC,
85
 (b-d) SEM image, schematic diagram, and photographs of the fabrication 
process for flexible solid-state supercapacitors based on graphene hydrogel films,
96
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(e-f) optical and SEM image of graphene fiber@3D-graphene (GF@3D-G) and (g) 
cross-sectional view showing the core GF surrounded by vertically standing 
graphene sheets.
97
 
 Different reports have revealed that the formation of a three-dimensionally 
interconnected network of graphene sheets by tailoring the structural formation of 
precursor the GO sheets paves the way for electrolyte access thoughoout the 
graphene electrode of graphene. The design of 3D graphene structures is an 
interesting approach to electrode preparation. Recently, Duan and co-workers 
reported solid-state flexible SCs based on a highly interconnected 3D structure of 
graphene hydrogel films, which was prepared by a modified hydrothermal reduction 
method.
96, 98-99
 With a highly interconnected 3D network morphology, the as 
synthesized graphene hydrogel exhibited exceptional electrical conductivity of 192 S 
m
-1
, specific surface area of 414 m
2
 g
-1
, and mechanical robustness. The electrically 
conductive, lightweight and paper-like 3D network of graphene (Figure 2.10 b, c) 
exhibited a high gravimetric capacitance of 186 F g
-1
 and an areal capacitance of 372 
mF cm
-2
, as well as long cycling life with excellent flexibility when used to fabricate 
flexible SCs. By applying chemical reduction reactions Cao et al. deposited CO on 
active metal substrates in a facile and scalable strategy to fabricate large-area 
graphene films.
100
 By varying the deposition time and pattern of the metal substrate, 
the thickness of the graphene film can be changed. By electrochemical reduction of 
GO on Au wire, Shi and co-workers prepared a solid-state WSS with high specific 
capacitance, rate capability, and electrochemical stability.
101
 Fibers of graphene (GF) 
were  also reported by Dong et al. through thermal reduction of GO in glass 
pipelines.
102
 The pure GFs can be a good substitute for CNT fibers as their 
production is low-cost and feasible for large-scale optimization. Moreover, the final 
structure of the material can be controlled very easily, and different electroactive 
functional groups, such as metal oxides and conductive polymers, can be easily 
integrated into the surfaces of the as-prepared fibers to achieve enhanced 
electrochemical performance. The graphene fiber (GF) core and sheath of 3D 
graphene in a network reported by Meng et al. helped to increase the surface area of 
the electrode material as an all-graphene flexible fiber.
97
 The WSS based on the 
GF@3D-G electrode (Figure 2.10e-g) exhibited capacitance of 1.2–1.7 mF cm
-2
. 
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 It is important to understand that the theoretical capacitances of carbon 
nanomaterials are low and unable to stand the challenges of flexible supercapacitors 
for real world applications. To further explore better electrochemical performance, 
integrating pseudocapacitance materials, such as transition metal oxides and 
conducting polymers, on carbon materials is a promising approach, and this will be 
discussed in section 2.4.2.1 and section 2.4.2.2 in detail. 
2.4.2 Flexible pseudocapacitors 
Pseudocapacitance is the result of a surface faradic process in electroactive 
materials.
103
 In this case, the charge storage takes place by electron transfer from 
redox activity between the electrode material and the electrolyte. The ionic 
chemisorption process in this method can be summarized in the following equation: 
𝑀 + 𝐴 ↔
𝑀
𝐴(1−𝛿)
+ 𝛿𝑒 (𝑖𝑛 𝑀)        (2.8) 
This reaction describes the partial charge transfer that occurs on the surface of the 
electrode material. M represents the potential-dependent pseudocapacitance, where 
δe, an “electrosorption valence”, is produced. Conway additionally defines three 
different sources of pseudocapacitance in an electrode: 
a) under potential deposition, where the extent of adsorption of an ionic species 
on the surface of the electrode (and involving a charge transfer to form a 
neutral species) is potential dependent; 
b) absorption of an ionic species from the electrolyte into the lattice of the 
electrode (involving a charge transfer to form a neutral species), which is 
potential dependent; 
c) redox process taking place on the surface of the electrode material.104 
Regardless of the fast charge-discharge rate, high power density, and long 
electrochemical cycle life of EDLC based supercapacitors; the amount of energy 
stored in SCs is notably lower than in batteries.
105
 Compared with EDLC materials, 
pseudocapacitors based on pseudocapacitive materials can provide much higher 
capacitance and better energy density due to the effects of reversible redox Faradaic 
reactions during charge and discharge.
106-108
 Transition metal oxides such as MnO2, 
RuO2, Co3O4, and Fe3O4, and intrinsically conducting polymers or conductive 
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polymers (CPs), such as polyaniline (PANI), polypyrrole (PPy, and polythiophene, 
are widely used.
109-113
 Due to the direct electrochemical interaction with the 
material’s electron structure, pseudocapacitive electrode materials suffer from poor 
cycling stability. Moreover, poor electrical conductivity holds back its performance 
in device fabrication. As a solution, these materials are usually deposited on highly 
conductive substrates to improve their conductivity as well as achieving high 
capacitance. 
2.4.2.1 Metal oxide based flexible pseudocapacitors 
Metal oxide nanostructures are promising electrode materials for energy storage 
applications because of their high specific capacitance, typically 2–3 times higher 
than for the nanocarbon based electrode materials. To consider metal oxides as 
flexible electrode materials, several characteristics need to be considered: 
a) different oxidation states in the applied potential window to contribute to 
pseudocapacitance through faradic reactions; 
b) the assembly of the metal oxide crystal lattice should allow for protons to 
interpolate freely on reduction, allowing the interconversion of 𝑂2 ↔ 𝑂𝐻
−1 
to follow; 
c) high conductivity. 
Because of the interest in flexible SCs and potential applications as microscale 
energy storage systems, such as in integrated devices, thin film metal oxide coated 
electrodes have been intensively explored recently. In this case, a thin layer of metal 
oxide with desirable physical features is directly fabricated on a current collector 
through a variety of techniques, including sol–gel dip-coating,
114-115
 anodic/cathodic 
electrodeposition,
116-119
 electrophoresis,
120-123
 electrochemical formation of metal 
oxide crystals, and sputtering-electrochemical oxidation.
124
 Based on the different 
deposition techniques, various morphologies, ranging from nano-whiskers, to 
nanorods, nanotubes, and urchin-like or flower like three-dimensional structures, 
have been reported.
109, 125-128
 In particular, depending on the structural morphology 
and formation tendency of the crystals, the specific surface area for metal oxides can 
range from 20 to 150 m
2
 g
-1
. The most studied metal oxide for use in SCs, hydrous 
ruthenium oxide (RuOxHy or RuO2xH2O) with the specific capacitance of ~ 720 F g
-1
, 
stands out as the best performer.
129-130
 This metal oxide possess many outstanding 
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characteristics, such as high operating potential window, variable oxidation states, 
highly reversible redox reactions, high proton conductivity, good thermal stability, 
long cycle life, metal-type conductivity, and high rate capability. The cost and source 
of this metal oxide, however, as well as environmental concerns have promoted 
research on alternative metal oxides to work on flexible SCs. Significant research 
work has been carried out to find a suitable metal oxide for reliable energy storage 
application, and many of the metal oxides have become very promising, such as 
cobalt oxide,
127, 131
 manganese oxide,
132
 nickel oxide,
112, 133
 zinc oxide,
134
 tin 
oxide,
135
 and iron oxide.
136
 Among all these metal oxides, t cobalt oxide has provided 
the most promising performance regarding energy storage application, with its good 
conductivity, high surface area, good stability against corrosion, excellent 
reversibility of its redox reactions, and high theoretical capacitance (up to 3560 F g
-
1
).
137-138
 Nevertheless, the environmental effects of this material are detrimental for 
the future, inspiring researchers to investigate alternative metal oxides for this 
purpose. Manganese oxide and nickel oxide have taken its place with the compatible 
performance in pseudocapacitor application.  
 
Figure 2.11: Typical surface morphology of metal oxide (manganese oxide) 
electrodes prepared through template-assisted electrodeposition methods: (a),
139
 
(b),
140
 (c),
141
 and (d).
142
 
 The fabrication of flexible electrodes from metal oxides is the most 
challenging part prior to designing a suitable device. To solve this problem, metal 
oxide nanostructures were fabricated on a metal support or deposited on a polymeric 
material, and then used as electrode for device fabrication (Figure 2.11). Template-
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free synthesis of metal oxide thin films (Figure 2.12) has also been reported for 
supercapacitor application. Although manganese oxide and nickel oxide are cheap 
and eco-friendly materials compared to cobalt oxide, their performance is still 
inferior. To boost the overall performance of metal oxide based flexible 
supercapacitors, researchers have combined or hybridized different metal oxides into 
binary or ternary oxide nanostructures to achieve a synergistic electrochemical 
response. Lang et al. prepared MnO2 for deposition on gold nanoparticles by a 
solution method to develop a flexible electrode for flexible supercapacitor 
fabrication, and the electrode provided a capacitance of ~ 1100 F g
-1
, which is close 
to the theoretical value of manganese oxide capacitance.
128
 Bae et al. reported a 
prototype high-efficiency fiber-based electrochemical micro-supercapacitor using 
ZnO nanowires (NWs) as electrodes. The device comprises two electrodes that 
employed flexible plastic wire and Kevlar fiber as substrate. Both the wire and the 
fiber were covered with arrays of high quality ZnO NWs grown by the hydrothermal 
method, and the ZnO NWs on the Kevlar fiber were coated with a thin gold film to 
obtain better charge-collection properties. The as-prepared material showed areal 
capacitance of 0.21 mF cm
-2
 at the voltage scan rate of 100 mV s
-1
 with 1 M KNO3 
electrolyte.
134
 
 
Figure 2.12: Typical surface morphology of metal oxide electrodes prepared through 
a template-free anodic electrodeposition approach: nickel oxide (a),
143
 manganese 
oxide (b),
112
 manganese oxide (c), and manganese oxide (d).
144
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 A binder free nanostructured NiCo2O4 were grown using a facile 
hydrothermal technique by Gupta et al. and fabricated quasi-solid state 
supercapacitor device by sandwiching two NiCo2O4 electrodes and separating them 
by ion transporting layer. Specific capacitance of the device was enhanced by ~150% 
on raising the temperature from 20 to 60 °C.
125
 Lu et al. established a new and 
general strategy for improving the capacitive properties of TiO2 materials for 
supercapacitors, involving the synthesis of hydrogenated TiO2 nanotube arrays 
(NTAs). The hydrogenated-TiO2 NTAs yields the largest specific capacitance of 3.24 
mF cm
-2
, which is 40 times higher than the capacitance obtained from air-annealed 
TiO2 NTAs.
145
 Facile and high-efficiency hydrothermal method have widely applied 
to design and develop direct growth of metal oxide nanomaterials on flexible support 
to fabricate flexible electrodes and obtained a promising capacitance of 161 mF cm
-2
 
along with good cycling stability as a solid state flexible SCs.
131
 Metal nitrides based 
flexible supercapacitors have been reported by Lu et al. Electrochemical studies of 
the metal nitride (titanium nitride, TiN) showed that the solid-state SCs of TiN 
exhibit extraordinary stability up to 15 000 cycles and achieved a high volumetric 
energy density of 0.05 mWh cm
-3
.
135
 The prospect of metal oxide nanostructure 
based flexible electrodes used to prepare flexible SCs has been illustrated shortly in 
Figure 2.13.  
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Figure 2.13: (a-b) SEM images of the Ni foam before and after nanowire  growth, 
)(c) photograph of the flexible device turning on a light emitting diode (LED) 
light,
131
 (d) flexible supercapacitor assembled with gold deposited on MnO2 
nanoparticles,
128
 (e) fiber supercapacitor made of nanowire arrays for wearable 
energy storage, 
134
 (f) photograph of flexible electrodes composed of titanium nitride 
and (g) schematic illustration of its preparation.
135
 
 Although metal-oxide-based conventional or flexible pseudocapacitors are 
very promising regarding their electrochemical performance, their cycle life, 
mechanical flexibility with thick layers, and the cost associated with the thin film 
fabrication for flexible electrode processing are a barrier obstructing the large-scale 
commercial development of this technology. To make the materials less costly and 
more suitable for flexible application, combining them with carbonaceous materials, 
especially graphene, has attracted considerable attention.  
2.4.2.2 Conductive-polymer-based flexible pseudocapacitors 
Conducting polymers (CPs), first discovered in 1976, are a class of functional 
polymers that have a delocalized π-system backbone along the polymeric chains. CPs 
possesses many advantages that make them appropriate for electrode material 
preparation for supercapacitor (SC) applications. Low cost, less environmental 
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impact, high conductivity in the doped state, an extended voltage window, high 
storage capacity/porosity/reversibility, and adjustable redox reactivity through 
chemical modification make them suitable for flexible electrode fabrication.
113, 146-149
 
CPs offer capacitance performance throughout the redox process. During oxidation, 
ions are transferred to the polymer backbone, and when reduction takes place, the 
ionsdiffuse back from this backbone into the electrolyte solution. These reversible 
reactions take place throughout the entire bulk of the polymer chains, not just on the 
surface.
150
 Because the charging and discharging phenomena do not involve any 
structural modifications such as phase changes, these processes are highly 
reversible.
103
  
 
Figure 2.14: Chemical structures of conductive polymers based on heterocyclic and 
aromatic monomers for energy storage applications: (a) Insoluble, (b) soluble, and 
(c) aqueous dispersion gel–nanoparticle solution. The heterocyclic structure of 
conductive polymers can also be altered by chemical synthesis for desired 
purposes.
156
 
 CPs can be positively or negatively charged with ion insertion into the 
polymer matrix. Electronic conductivity can thus be induced in such polymers by 
oxidation or reduction reactions, which produce delocalized ‘n’ electrons on the 
polymer chains. Commonly used CPs for flexible supercapacitor electrode 
preparation are polyaniline (PANI),
151
 polypyrrole (PPy),
152
 polythiophene,
113
 and 
their corresponding derivatives. From the atomic structure of different CPs in Figure 
2.14, it can be mentioned that PANI and PPy can only be p-doped since their n-
doping potentials are much lower than the reduction potential of common electrolyte 
solutions. This is the reason why they often find use as cathode materials, but 
polythiophene and its derivatives are both n- and p-dopable, which expands their 
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application in electrochemical energy storage.
153-154
 Substitution of an aryl group at 
the 3-position of polythiophene can result in more positive n-doping potentials. The 
electronic conductivity of these polymers is reduced in negative potential states, 
however, and decreases the electrochemical charge storage capability. As a result, 
these CPS are usually employed as the positive electrode with a negative electrode 
made from another material such as carbon.
155
  
 It is well established that the conductive nature and solubility of CPs are 
controllable by altering their chemical structures or chain backbone. Interestingly, 
some insoluble polymers can acquire good solubility and processability by adopting 
specific functional groups, for example, poly(3-hexylthiophene). A common practice 
for the preparation of conductive polymers is the direct oxidative polymerization 
technique. In detail, such methods as bulk polymerization in solvent, electrochemical 
polymerization (ECP),
157
 solid-state polymerization (SSP),
158-159
 vapor-phase 
polymerization (VPP),
113, 160
 solution processable polymerization (SPP),
161
 and 
water-based nano-emulsion polymerization (NEP)
162
 have been previously employed 
for achieving the above aims. Typical polymerization technique for CPs are 
presented in Figure 2.15.  
 
Figure 2.15: (a) Typical in-situ polymerization techniques for the synthesis of CPs 
from monomers and catalysts in solvent, (b) conductive substrate used to keep the 
electrochemical polymerization at a specific potential, (c) drop-casting 
polymerization by coating a substrate with a reaction solution of a monomer and a 
catalyst, (d) representative soluble conductive polymers and their direct coating by 
only drying: (i) poly(3-hexylthiophene) (P3HT) with soluble functional groups 
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(blue), and (ii) aqueous dispersion of a conductive polymer, poly(3,4-ethylene 
dioxythiophene) – polystyrene sulfonate (PEDOT:PSS). Direct coating is possible on 
favorable substrates from polymer solution or composite ink.
156
 
 Kim et al. reported flexible electrodes of polyaniline CP for supercapacitor 
application.
151
 According to their demonstration, the nanofiber PANI was developed 
on a gold-coated porous poly(vinylidene difluoride) (PVDF) membrane by the 
solution polymerization method and provides a specific capacity of 235 F g
-1
 as a 
single flexible electrode. 3D nanostructured conducting PPy hydrogels with 
structure-derived elasticity were synthesized by Shi et al. by following a facile 
interfacial polymerization method in which the polymerization is carried out at an 
organic/aqueous biphasic interface.
152
 The solid-state supercapacitor assembled from 
the as-prepared flexible electrodes showed a specific capacitance of 380 F/g, 
excellent rate capability, and areal capacitance as high as 6.4 F cm
-2
 at a mass 
loading of 20 mg cm
-2
. D’Arcy et al. demonstrated an innovative, simple, and direct 
route to synthesize poly(3,4-ethylene dioxythiophene) (PEDOT) from the vapor 
phase with a highly conductive (130 S cm
-1
) and high aspect ratio structure, avoiding 
the necessity for template application.
113
 The protocol of evaporative vapor-phase 
polymerization (EVPP) results in a robust, thick free-standing film composed of a 
vertically directed anisotropic nanoscale morphology that peels off of a substrate and 
can serve as the active layer in flexible SCs. The assembled flexible supercapacitor 
with no organic binders or conductive additives provided excellent cycling stability, 
retaining more than 92% of its initial capacitance after 10000 charge/discharge 
cycles. Deposition of nanofibers on a hard carbon fiber paper current collector 
affords a highly efficient and stable electrode for a supercapacitor, exhibiting 
gravimetric capacitance of 175 F g
-1
 and 94% capacitance retention after 1000 
cycles. The different structural morphologies of different conductive polymers are 
presented in Figure 2.16. 
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Figure 2.16: (a) SEM image showing the microstructure of a piece of dehydrated 
hydrogel and (b) TEM image showing the top view of the dehydrated PPy hydrogel, 
with the insets showing higher magnification;
152
 (c) SEM image of dried PANI on 
Au coated PVDF membrane;
151
 and (d-f) flow-process diagram and SEM images at 
different magnifications of evaporative vapor-phase polymerization of PEDOT 
nanofibers, with a low-magnification optical microscope image, which  shows that 
this blue colored disk-shaped film is composed of a highly textured, vertically 
directed, anisotropic, one-dimensional architecture, while the top view SEM of 
PEDOT shows vertically directed high aspect ratio nanoribbons.
113
 
 Unfortunately, swelling and shrinking of CPs may occur during the 
intercalation/deintercalation process, which often lead to mechanical deterioration of 
the electrode materials and degrades the electrochemical performance during cycling 
to compromise CPs as electrode materials. CP-based SCs often remarkably degrade 
under less than a thousand cycles.
163
 As conductive polymers, PANI or PPy store 
charge in their backbones by exchanging a proton to be properly charged and 
discharged, so a protic solvent, an acidic solution, or a protic ionic liquid is 
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required.
164
 Moreover, CPs are only capable of effective charge storage within a 
strict potential window. The polymer chains start degrading away from this potential 
range ,or they starts forming an insulating state (un-doped state). All the reported 
methods and corresponding materials may have promising properties, but the 
synthesis approaches for flexible electrodes are not advantageous for large-scale 
production to be implemented on an industrial scale. To satisfy the requirements for 
flexible electrode materials along with good energy storage capability and cycling 
stability, water-dispersed PEDOT:PSS using the NEP method has been developed 
and commercialized by Heraeus (Germany). Since it has some great properties, such 
as suitability for mass production, simple dry-coating, stability in a water-based 
dispersion solution, reaching various conductivity values, even a high conductivity of 
up to ~10
3
 S cm
-1
, and a homogeneous nanosized morphology, PEDOT:PSS has 
attracted great attention for the fabrication of different one-, two-, and three-
dimensional electrode materials. The most well-known and widely used product for 
energy material application is the Clevios PH series (Heraeus, Germany), which has 
high conductivity and a small particle size. PEDOT:PSS still has disadvantages, 
however, that are associated with high acidity, and its strong hydrophilic nature 
require an additive for application, which also limits its use in water-sensitive energy 
materials. Nevertheless, the attachment of PEDOT:PSS to the functional groups of 
another electroactive material as a support may not only solve this problem, but also 
make it possible to decorate it with a flexible electrode material with excellent 
electrochemical performance together with cycling stability. 
2.4.3 Flexible supercapacitors based on composite materials 
2.4.3.1 Graphene/CNT composite based flexible supercapacitors  
From the recent studies on electrode materials for flexible supercapacitors, graphene 
and CNTs are very promising materials to provide flexible structural morphology. 
The electrochemical performance obtained from CNTs with highly ordered single 
wall structures raises the issue of cost for large-scale production. In the case of 
graphene, the restacking of graphene sheets hinders the electroactivity and reveals a 
charge storage ability which is far below the theoretical value. The approaches to 
prevent the restacking of graphene sheets mainly include integration of spacers 
separating the graphene sheets and the creation of three-dimensional networks for 
electrolyte penetration.
165-168
 Studies have demonstrated that composite materials 
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composed of two-dimensional (2D) graphene sheets and one-dimensional (1D) CNTs 
can exhibit synergistic effects such as greatly improved electrical and thermal 
conductivity, as well as mechanical flexibility compared with each single constituent 
component.
169-170
 
 
Figure 2.17: (a) Schematic illustration depicting the reaction between a GO layer 
and a CNT, and a view of the lamellar structure of a fabricated r[GO-CNT] film,
171
 
(b-d) representative photograph and SEM images of a flexible liquid crystal (LC) 
GO-SWCNT paper made by the cast drying method,
165
 and (e-g) SEM images of 
graphene oxide/CNT and graphene/CNT composite fibers (scale 10 µm).
167
 
 In a recent study Jalili et al. introduced a soft self-assembly approach to 
fabricating ultra-large liquid crystals (LC) of graphene oxides and SWCNTs in 
aqueous medium. The LC behavior of the as-prepared GO sheets made it possible to 
disperse and organize substantial amounts of aggregate-free SWCNTs, up to 10 wt 
Chapter 2. Literature review 
 
68 
 
%, without compromising the LC nature of the GO. The as-prepared LC GO-
SWCNT dispersions were employed to achieve self-assembled layer-by-layer 
multifunctional 3D hybrid architectures (Figure 2.17), comprising SWNTs and GO 
with unrivalled superior mechanical properties (Young's modulus in excess of 50 
GPa and tensile strength of more than 500 MPa).
165
 Cheng et al. synthesized 1D 
CNTs on 2D graphene (CNTs/G fiber) as fiber electrodes for the construction of 
flexible SCs. Due to the high surface area, and higher mechanical flexibility and 
electrical conductivity of the CNT/G fiber electrode, the as-assembled SCs displayed 
outstanding capacitive performance in different bending states and bending cycles.
167
 
According to Jung et al., the lamellar structure is advantageous in terms of enhancing 
the volumetric capacitance. The specific capacitance obtained from bare rGO 
electrodes was 20 to 30 F g
-1
, but the successful insertion of CNTs in between the 
graphene layers through chemical bonding led to a larger capacitance.
171
 A huge 
capacitance difference from the dispersion of CNTs in the layered graphene matrix 
was predicted. Chemical bonding between graphene and CNTs may have prevented 
restacking of the graphene layers and agglomeration of the CNTs in solution, 
resulting in well-ordered lamellar structures. Furthermore, the chemically bonded 
CNTs in the composite film also bridge the defects in the graphene edges and 
surfaces, facilitating electron transportation between graphene layers.
170, 172
 
2.4.3.2 Heteroatom doped carbon-material-based flexible supercapacitors 
Replacement of a carbon atom from the graphitic lattice with a heteroatom can be 
done either by in situ processing during carbon material preparation or through post 
processing of the carbon with a heteroatom-containing precursor. Pristine carbon 
nanomaterials are the most suitable target materials for heteroatom doping. Doping 
the carbon planar lattice with different heteroatoms such as boron (B), nitrogen (N), 
sulfur (S) and phosphorus (P) can generate electron rich active regions on surface, 
which can further lead to a change in chemical activity, not only improving 
wettability, but also inducing favorable pseudocapacitance for flexible 
supercapacitors. Among all the carbonaceous materials, graphene has attracted the 
highest interest due to the simple doping approach,h and it is possible to create doped 
regions on the planar surface with its large hexagonal carbon lattice and provide 
excellent conductivity. The structural and electronic alterations are expected to 
originate from charged or active sites on the surface of graphene from the 
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substitution for carbon of single heteroatoms or dual heteroatoms, such as 
nitrogen,
173
 sulfur,
174
 boron,
175
 phosphorus,
176
 and nitrogen/sulfur,
177
 as well as 
nitrogen/boron.
178
 Moreover, graphene materials doped with heteroatoms are more 
advantageous because of their stability, chemical reactivity, and sheet-to-sheet 
separation, offering possibilities that may be beneficial for frontier energy 
applications. In addition, it is possible to design flexible electrodes from large sheets 
of graphene, even after high temperature heteroatom doping. 
 
Figure 2.18: (a) Different states of nitrogen doping into a graphitic framework, in 
which the pyridinic N and quaternary N are sp
2
 hybridized while pyrrolic N is sp
3
 
hybridized,
179
 and (b) various state of sulfur in a graphene framework.
180
 
 Nitrogen and sulfur doped graphene material became very promising as this 
type of heteroatom doping leads to very strong electron resonance on the stable 
carbon electrons and can provide different doped states (Figure 2.18), which make 
the material more electroactive for better electrochemical applications. Jeong et al. 
produced nitrogen doped graphene by a simple plasma process to develop 
ultracapacitors (Figure 2.19) with the capacitance of 280 F/g (electrode).
181
 A small 
amount of nitrogen doping helps to increase the capacitance by four times compared 
to the pure graphene material, and the stable carbon network provide very high cycle 
life stability against electrochemical application as wearable SCs. Wu et al. prepared 
a boron and nitrogen dual-doped graphene foam structure from the composition of 
graphene oxide and solid precursor by the hydrothermal process.
182
 A simple high 
temperature treatment process helped to insert heteroatoms into the graphitic 
structure as well as generating a highly active graphene framework to facilitate better 
electrochemical interaction (Figure 2.19c). This electrode material was used to 
fabricate a flexible solid state supercapacitor, resulting in a very promising 
capacitance of 62 F g
-1`
. Because they have the features of both EDLC and a 
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pseudocapacitor electrodes, heteroatom doped single graphene materials have 
attracted researchers to develop more efficient approaches for the materials 
preparation and developing flexible supercapacitors for future applications. 
 
Figure 2.19: (a-b) Schematic illustration of an assembled supercapacitor device with 
nitrogen doped graphene and the application of the device as a wearable charge 
storage material,
181
 (c) flow diagram representing the preparation of boron/nitrogen 
dual-doped graphene foam and the fabrication of flexible SCs from the 
corresponding materials.
182
 
2.4.3.3 EDLC and pseudocapacitor hybrid based flexible supercapacitors 
To bring flexible SCs into practical applications, the energy density should be 
increased without losing power density, cycle life, and flexibility.
183
 Well-developed 
EDLCs and their composite electrodes have been reported with high power density 
and ultra-long cycle life, while pseudocapacitors can realize high capacitances. 
Hence, developing composite electrode materials from the combination of EDLCs 
and pseudocapacitors is a practical way to boost power and energy densities. By 
employing both Faradaic and non-Faradaic processes, hybrid flexible SCs of 
composite flexible electrode materials were reported, demonstrating better 
performance than EDLCs and pseudocapacitors, which included higher power and 
energy densities as well as good cycling stability.  
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The most recent work regarding the latest development of flexible SCs based on the 
composite electrodes are the focus of this section. To increase the energy-density 
limit of flexible SCs, a great deal of effort has been dedicated to improving the 
capacitance by engineering composite electrodes. In particular, composites consist of 
carbon materials and pseudocapacitive materials such as MnO2,
111, 184-187
 RuO2,
188
 
Fe2O3,
189
 polyaniline (PANI),
19, 190-191
 PPy,
152, 192-193
 and PEDOT, 
194-196
 which are 
the most interesting and well considered electrode materials for flexible SCs. This 
kind of composite can successfully take advantage of both the high conductivity of 
the carbon materials and the high specific capacitance of the pseudocapacitive 
materials, and hence lead to significant improvements in both energy density and 
power density. 
 
Figure 2.20: Schematic illustration of the fabrication process for MnO2/CNT/sponge 
supercapacitors.
197
 
 Among these pseudocapacitive materials, MnO2 has attracted the most 
interest because of its many excellent properties, such as high theoretical specific 
capacitance (~ 1400 F g
-1
), low cost, low toxicity, natural abundance, and easy 
deposition technique. Structures with interconnected carbonaceous or polymer fibers 
with a hierarchical macroporous nature were used as flexible substrates to load active 
materials.
197
 To improve the energy density and power density of flexible MnO2-
based SCs, MnO2 was usually coated onto the surface of carbon materials via various 
methods. Electrodeposition of this metal oxide on a conductive carbon layer attracted 
the greatest attention for the development flexible electrodes for SC device 
fabrications. A MnO2/CNT/sponge electrode (Figure 2.20) was prepared by 
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following a simple and scalable dipping and drying process to coat CNTs on the 
substrate, followed by electrodeposition of MnO2. The highly conductiveand porous 
network of the CNT-coated sponge, along with the MnO2, led to more stable 
pseudocapacitance and double layer capacitance, with a high specific capacitance of 
1230 F g
-1
 and cycling stability beyond 10000 cycles with negligible decay in 
capacitance.
197
 Commercially available Ni foam was coated with graphene by 
atmospheric pressure chemical vapor deposition (APCVD). A highly flexible and 
conductive 3D graphene network skeleton was then obtained after the removal of the 
Ni foam and by electrochemical deposition of nanostructured MnO2.
198
 The 
MnO2/graphene composite electrode exhibited maximum specific capacitance of 130 
F/g, and the flexible SC, fabricated by using two pieces of 3D-network 
MnO2/graphene composite film, a separator, and a PET membrane outer package 
also provided excellent and stable electrochemical performance as a flexible 
supercapacitor. As reported by Cheng et al., the synergistic effects from graphene, 
CNTs, and MnO2 provide outstanding mechanical properties (tensile strength of 48 
MPa) and a superior electrochemical response, which were not achieved by any of 
these components alone. These flexible electrodes prepared by the electrodeposition 
method (Figure 2.21) allow highly active material loading (71 wt % MnO2), areal 
density (8.80 mg cm
-2
), and specific capacitance (372 F g
-1
) with excellent rate 
capability for supercapacitors without the need for current collectors and binders.
184
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Figure 2.21: (a-b) Digital photographs and schematic illustration of the structure of a 
freestanding and flexible 3D graphene network prepared from pressed Ni foam. 
Insets show the curled 3D graphene network,
198
 (c) schematic illustration of the 
fabricated flexible and conductive film using graphene/MnO2/CNTs.
184
 
 Composites of carbon nanomaterials in a hybrid with conductive polymers 
have been explored widely to develop electrode materials for flexible SCs.
19, 190-191, 
199-200
 For this purpose, as with metal oxide composite preparation, electrodeposition 
have also extensively used.
107
 In-situ polymerization and deposition of conductive 
polymer have also been very promising for  fabricating flexible electrodes.
190-191
 
Among all the conductive polymers, PANI has attracted huge attention due to its 
very high specific capacitance. Composites prepared from the combination of carbon 
nanomaterials and conductive polymers provide a large specific surface area, which 
is highly favorable for electrolyte penetration and one of the main aspects 
responsible for the high performance of these electrode materials for supercapacitors. 
This characteristic leads to enhanced electrochemical performances. The formation 
of PANI nanowire arrays is proven to be well adapted to mechanical deformation 
with noticeable alteration in capacitance.  
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Figure 2.22: (a-c) Configuration of highly flexible and all-solid-state paper-like 
polymer supercapacitors.
190
 (d) Schematic diagrams of the preparation procedures for 
the two-ply yarn supercapacitors composed of CNT/PANI.
199
 
 A paper-like flexible SC containing two slightly separated PANI/CNT 
nanocomposite films with solidified H2SO4/PVA electrolyte was prepared by Meng 
et al.
190
 The device (Figure 2.22) showed stable electrochemical performance under 
mechanical deformation. A specific capacitance as high as 31.4 F g
-1
 for the entire 
device was obtained, which is more than 6 times that of current commercial SCs.
183
 
A comparable flexible SC based on PANI/SWCNT composite electrode was 
designed by Wang et al. 
191
 and exhibited a high energy density of 26.6 W h/kg 
(based on electrode). Recently, Lin et al. also developed another flexible SC based 
on PANI/MWCNT composite films.
200
 The PANI/MWCNTs films were synthesized 
via a simple electrodeposition process and achieved a maximum specific capacitance 
of 233 F g
-1
  at a current density of 1 A g
-1
. 
 Highly flexible and conductive graphene paper was scaled up by chemical 
reduction of GO using a Teflon substrate (Figure 2.23).
107
 The chemically reduced 
graphene oxide film was then used as a substrate to grow a uniform PANI nanowire 
array electrochemically, thus preparing a PANI/graphene composite paper electrode. 
Subsequently, the composite electrode exhibited enhanced capacitive performance of 
763 F g
-1
 at 1 A g
-1
 compared with that of a graphene paper and PANI film on a Pt 
electrode (180 and 520 F g
-1
, respectively). Meng et al. recently reported free-
standing flexible graphene films with a 3D interconnected porous structure as ideal 
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substrates or electrode materials for flexible SCs.
201
 The free-standing GO film was 
prepared by a vacuum filtration technique from a composition of GO and CaCO3, 
and the reduction of GO content was carried out with hydrazine. Then, PANI 
nanowire arrays were homogeneously grown on the outer and inner surface of the 3D 
graphene substrate, thus yielding a hierarchical 3D PANI/graphene composite film 
(Figure 2.23). Due to the interconnected porous structure, after 5000 cycles at a 
current density of 5 A g
-1
, the composite film kept 88% of its initial capacitance. An 
SC based on the composite film also showed excellent flexibility and rate 
performance, highlighting a promising application for it in flexible SCs. Wu et al. 
prepared a composite film of chemically converted graphene (CCG) and polyaniline 
nanofibers (PANI-NFs) by vacuum filtration of mixed dispersions of both 
components. The film had a layered structure (Figure 2.23), where the PANI-NFs 
were sandwiched in between the CCG layers. Additionally, it was mechanically 
stable under bending, and thus, it can be bent into large angles or be shaped into 
various desired structures. The highly conductive composite film was used to 
fabricate SC devices and exhibited the high electrochemical capacitance of 210 F g
-1
. 
These devices also exhibited greatly improved electrochemical stability and rate 
performance.
202
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Figure 2.23: (a-b) Scaled-up preparation of graphene paper and formation process 
for thegraphene–PANI paper,
107
 (c) preparation of the 3D-rGO and 3D-rGO/PANI 
films,
201
 and (d-f) photograph of flexible film of G-PNF and SEM images of the 
composition.
202
 
 Although electrodeposition or in-situ chemical polymerization method 
provided electrodes with excellent electrochemical performance for energy storage,  
large-scale or continuous production of electrode materials is still a time-consuming 
or costly issue for commercial production. There must be an alternative way to 
harvest similar electrical and mechanical performance with a more cost effective 
fabrication approach. To sort out such issues, pre-synthesized conductive polymers 
have been used to form flexible substrates for SCs. Derivatives of polythiophene 
polymers have become more popular for this context in last few years. It should be 
mentioned that, although PEDOT composite electrodes synthesized in situ can have 
higher conductivity than the ones from mechanical blending, the increased process 
complexity and longer manufacturing times render this a complicated route for 
continuous production. An aqueous PEDOT solution can work as a binder to replace 
conventional insulating binders such as polytetrafluoroethylene (PTFE) and PVDF, 
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reducing the resistance of the electrode and avoiding the release of harmful solvents 
during electrode processing. A hybrid of poly(3,4-ethylenedioxythiophene) (PEDOT) 
and MWCNT nanomembrane was biscrolled into yarn form by a novel twist 
insertion method followed by the insertion of a Pt wire current collector by twining 
with PEDOT/MWCNT yarn to develop the electrode (Figure 2.24).
196
 The assembled 
supercapacitor showed a very high power density of 40 W/cm
3
, an energy density of 
1.4 mW h cm
-3
, and excellent rate capability. Considering this advanced fabrication 
approach it can certainly be predicted that the simple composition of an as-prepared 
polymer such as commercial PEDOT:PSS (Clevios PH series, Heraeus, Germany) 
with carbon nanomaterials such as graphene oxide or CNTs may offer us the 
opportunity to fabricate flexible substrate-free electrodes towards flexible or 
wearable supercapacitors with high electrochemical performance. 
 
Figure 2.24: (a) Schematic illustration showing the preparation of a biscrolled 
PEDOT/MWNT yarn. (b) SEM image of a biscrolled yarn. (c) Two SEM images of a 
PEDOT/MWNT biscrolled yarn that is plied with a Pt wire.
196
 
2.4.4 Device assembly of flexible supercapacitors 
Various materials such as carbon materials, conducting polymers, and metal oxides 
have been explored as electrode materials for the fabrication of flexible SCs. Apart 
from this study, according to the configuration of the electrode, flexible SC devices 
can be divided into two categories, namely, symmetric SCs (SSCs) and asymmetric 
SCs (ASCs). The subsections below introduce the recent progress in SSCs and 
ASCs, and describe the ongoing efforts to improve the energy/power densities, 
cycling stability, and mechanical properties of the SCs devices. 
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2.4.4.1 Flexible symmetric supercapacitors 
Flexible supercapacitors in the symmetric (SSCs) configuration based on carbon 
nanomaterials, for example carbon nanoparticles (CNPs),
203
 CNTs
204-206
 and 
graphene,
96, 135
 have attracted great interest due to the intrinsic lightweight, low-cost, 
and easy to handle properties of carbon electrode materials. These materials showed 
excellent electrical conductivity and mechanical flexibility. Fu et al. reported a 
flexible fiber type SSC prepared from commercial pen ink (containing carbon 
nanoparticles) as electrode material and obtained 0.504 mF cm
-2
 specific capacitance 
from it.
207
 Kaempgen et al. developed a thin film type SSC by using SWCNTs in 
combination with a printable PVA/H3PO4 gel electrolyte.
204
 The flexible electrodes 
were prepared by spraying the CNT network on a PET substrate. The fabricated 
device (Figure 2.25) exhibited capacitance of 36 F/g in a symmetric formation. The 
solid-state SWCNTs-SC device achieved a high energy density of 6 Wh kg
-1
 and 
power density of 23 kW kg
-1
. Kang et al. reported the assembly of flexible electrodes 
by depositing CNTs on office paper via a drop-dry method.
205
 The flexible SSCs 
fabricated from these CNTs/paper electrodes along with PVA/LiCl gel electrolyte 
showed promising electrochemical properties, and good stability and flexibility, with 
a maximum energy density of 3.5 Wh kg
-1
. In contrast to the carbon-based materials, 
Fan and co-workers developed paper-like polymer SC devices by solidifying two 
pieces of CNT/polyaniline composite film with gel electrolyte. This device showed a 
high specific capacitance of 31.4 F g
-1
 with excellent cycling stability.
208
 A flexible 
SSC have been developed by Zhou and co-workers through a simple flame synthesis 
and electrochemical deposition method.
203
 The fabricated carbon nanoparticle 
(CNP)/MnO2 nanorod hybrid structured electrode was used with PVA/H3PO4 gel 
electrolyte to assemble a highly flexible SC device (Figure 2.25). This fabrication 
strategy not only provided promising charge storage capability to the device but also 
revealed long-term cycling stability for continuous charge discharge processes.  
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Figure 2.25: (a-b) SEM image of spray deposited SWCNT network and the 
assembled SSC from the as-prepared electrodes,
204
 and (c) assembled SSCs from 
CNPs/MnO2 nanorod hybrid structure, which used to turn on an LED and (d) the 
cycle life of the device.
203
 
 Interestingly most of the symmetric supercapacitor devices assembled in 
recent works has been used with gel electrolyte and ended up as solid state 
supercapacitors. Some of these devices resulted in promising charge storage 
capability as well as flexibility. Nevertheless, the important point is that solid state 
electrolytes always face huge resistance at the electrode/electrolyte interface and the 
final capacitance is noticeably lower than the expected values. Moreover, the 
polymer PVA used as a matrix for this solid or gel electrolyte preparation suffers 
from degradation of the polymer chain backbone degradation as an effect of the 
continuous charge-discharge process, which also reduces the cycle life of the 
devices. To avoid the internal resistance of solid state materials and reveal the 
maximum performance of the electrode materials there is still enough room to 
conduct research and develop flexible aqueous-electrolyte-based symmetric 
supercapacitors. 
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2.4.4.2 Flexible asymmetric supercapacitors 
Advancement of the structural morphology of the electrode materials can improve 
the capacitance of supercapacitors, but to increase the energy density (E) of flexible 
SCs the operation voltage needs to be maximized. Fabrication of flexible 
supercapacitors in the asymmetric configuration, which are denoted as asymmetric 
supercapacitors (ASCs), is an alternative approach to increase the limits of the 
potential window. ASCs usually consist of a faradic material based electrode 
combined with a capacitor type electrode, which allows the device to work in much 
wider potential windows.
93, 209-212
 This arrangement also provides the advantages of 
high rate capability and cycle life, along with energy density. The electrolyte plays a 
very crucial role in resolving this issue, as organic electrolytes or ionic-liquid-
electrolytes can deliver a wider working voltage (2 −3 V) than aqueous electrolytes. 
Having such a characteristic, they have attracted considerable attention for flexible 
SC fabrication. 
85, 213-214
 Nevertheless, poor ionic conductivity, handling limitations 
in air, high cost, and high toxicity have hindered their application for general 
purposes. An alternative promising approach to increase the SC device voltage is to 
develop asymmetric supercapacitors (ASCs) with highly ionically conductive and 
environmentally friendly aqueous electrolytes. In this regard, flexible ASCs have 
received increasing interest in recent years. 
The recent achievements in the development of flexible ASCs have been introduced 
in this section. Transition metal oxides and carbon materials are frequently employed 
as cathodes and anodes in flexible ASCs due to their complementary working 
potential windows.
93, 136, 195, 215-219
 Among the numerous carbon-based materials, self-
supporting graphene-based films have attracted attention as flexible electrode 
materials because of their light weight, excellent mechanical properties, and high 
electrical conductivity.
85, 95, 170, 213, 217
 
 Inspired by organic liquid characteristics, Lee and co-workers demonstrated a 
solid-state ASC composed of an ionic-liquid-functionalized chemically modified 
graphene (IL-CMG) film as the negative electrode and a hydrous RuO2–ILCMG 
composite film as the positive electrode.
213
 The IL-CMG film and RuO2–ILCMG 
composite films were formed with a packed layered structure (Figure 2.26a). The 
specific capacitance of the RuO2–ILCMG electrode within a potential window from 
0 to 1.0 V reached 233 F g
-1
, which is 2-fold higher than that of the ILCMG electrode 
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within a potential window from -0.8 to 0.2 V (122 F g
-1
). This RuO2–ILCMG//IL-
CMG ASC device was able to operate at a maximum cell voltage of 1.8 V (Figure 
2.16c). Compared to IL-CMG based SSCs, the RuO2–ILCMG//IL-CMG ASC device 
exhibits the minor pseudocapacitive impact of RuO2. This RuO2–ILCMG//ILCMG 
ASC device supplied a maximum energy density of 19.7 W h/kg at a power density 
of 0.5 kW kg
-1
 and maximum power density of 6.8 kW kg
-1
 at an energy density of 
15.5 Wh kg
-1
. Moreover, this fabricated device had excellent cycling stability even in 
bent and twisted states (Figure 2.26 d). 
 
 
Figure 2.26: (a) Cross-sectional SEM images of the IL-CMG film and PVA/H2SO4 
electrolyte and RuO2–ILCMG film in a RuO2–ILCMG//IL-CMG ASC device, (b) 
comparative CV curves of IL-CMG and RuO2–ILCMG in aqueous 1 M H2SO4 
solution at a scan rate of 50 mV/s. (c) Galvanostatic charge–discharge curves at 1 
A/g current density for a RuO2–ILCMG//IL-CMG ASC and ILCMG-based SSC 
device. (d) Cycling stability of a RuO2–ILCMG//IL-CMG ASC device in the normal, 
twisted, and bent states over 2000 cycles.
213
 
 Because of the cost associated with the application of expensive RuO2, 
current research has also been focused developing low-cost, solid-state ASCs. For 
example, Gao et al. developed a low-cost solid-state ASC device by using free-
standing carbon nanotube/graphene (CNTG) as a negative electrode and Mn3O4 
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nanoparticles/graphene (MG) paper as a positive electrode with potassium 
polyacrylate/KCl gel as the electrolyte.
217
 This ASC device delivered a maximum 
energy density of 32.7 Wh kg
-1
 with a working voltage of 1.8 V (Figure 2.27a-b). 
Similarly, Shao et al. fabricated a solid-state ASC by using a graphene/MnO2 
nanorod thin film as the cathode and a graphene/Ag thin film as anode.
215
 The ASC 
device reached a maximum energy density of 50.8 Wh kg
-1
 at a power density of 
101.5 W kg
-1
, and the optimum power density was 24.5 kW kg
-1
 at an energy density 
of 12.3Wh kg
-1
.  
 
Figure 2.27: (a) Schematic illustration of the asymmetric device assembled from 
flexible CNT/graphene anode and Mn3O4/graphene cathode, (b) charge-discharge 
profiles of the device at different current densities,
217
 (c) asymmetric supercapacitor 
demonstrated with MnO2 nanowire cathode and Fe2O3 anode, and (d) corresponding 
CV study of the device at different scan rates.
136
 
 A scalable spray deposition technique has been improved to fabricate a 
flexible nanostructured hybrid supercapacitor based on thin film of multi-walled 
carbon nanotubes (MWCNTs) as cathode and hematite (α-Fe2O3)/MWCNT 
composite as anode.
216
 Considering the mass of active materials of both electrodes 
the hybrid supercapacitor provided a very high specific energy density of 50 Wh kg
-1
 
at a specific power density of 1000 W kg
-1
 over the potential range of 0–2.8 V, which 
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was an energy density 8 times that of identically prepared symmetric supercapacitors 
with MWCNT-only electrodes under the same conditions. A low-cost high-
performance solid-state flexible ASC with α-MnO2 nanowires and amorphous Fe2O3 
nanotubes grown on flexible carbon fabric was first designed and fabricated by Yang 
et al. The assembled device was able to work with an extended operating potential 
window up to 1.6 V and revealed promising performance such as a high energy 
density of 0.55 mWh cm
-3
 and good rate capability (Figure 2.27c-d).
136
 Lu et al. 
designed a 1D form of α-Fe2O3 to improve the power density as well as the energy 
density of ASC devices by creating oxygen vacancies in the Fe2O3 surface. The 1D 
nanorods on flexible conductive substrate resulted in a large surface area, fast charge 
transport pathways, and small contact resistance, which led to high areal capacitance 
of 382.7 mF cm
-2
 with good rate capability and excellent cycling stability when the 
electrode was used to fabricate an asymmetric supercapacitor in combination with a 
MnO2 based cathode.
219
 These ASCs designed on graphene-based films, however, 
usually need to be encased in a flexible substrate shell such as PET in order to 
prevent cracking and breaking of the graphene-based films, which could limit their 
flexibility. Moreover, the strong van der Waals interaction between their 
hydrophobic basal planes will drive the restacking and aggregation of the graphene 
nanosheets when forming self-supporting graphene-based electrodes, resulting in a 
decrease in the effective surface are as well as the capacitance. Having only 
flexibility cannot be a solution for graphene based electrode materials used for 
flexible device assembly. Graphene based highly active electrodes with excellent 
mechanical properties such as tensile strength still require research efforts to realize 
the dream of real-world highly flexible supercapacitor devices. 
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CHAPTER 3: EXPERIMENTAL METHODS AND 
CHARACTERIZATION TECHNIQUES 
3.1 Experimental plan 
 
Figure 3.1: Flow chart illustration of the experimental overview. 
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3.2 Chemicals and materials 
The chemicals and materials used in this doctoral research work are outlined in Table 
3.1, along with their formulae, purity, and supplier. 
Table 3.1: Chemicals and materials used in this doctoral study. 
Chemicals/Materials Formula Purity (%) Supplier 
Graphite flakes C N/A 
Asbury Graphite 
Mills, US 
PEDOT:PSS 
(ORGACON dry re-
dispersible pellets)  
Agfa-Gevaert 
N.V. 
Sigma Aldrich 
Australia 
Ethanol C2H5OH 99.0 
Ajax Finechem 
Australia 
L-Ascorbic acid C6H8O6 99.0 
Sigma Aldrich 
Australia 
Acetone C3H6O 99.0 
Ajax Finechem 
Australia 
Acetic acid CH3COOH 99.85 
Sigma-Aldrich 
Australia 
Aluminium foil Al n/a 
Vanlead Tech 
China 
Activated carbon C Darco 
Sigma Aldrich 
Australia 
Milli-Q water H2O 5 ppb (TOC) Millipore USA 
Titanium Foil Ti 99.99 
Sigma Aldrich 
Australia 
Poly(vinylidene 
fluoride) 
Mw = 534,000  
N/A 
Sigma-Aldrich 
Australia 
Potassium 
permanganate 
KMnO4 99.0 
Sigma-Aldrich 
Australia 
Sulfuric acid H2SO4 95.0 – 98.0 
Sigma-Aldrich 
Australia 
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Hydrogen peroxide H2O2 30 wt% 
Sigma-Aldrich 
Australia 
Hydrochloric acid HCl 36.0 – 38.0  
Sigma-Aldrich 
Australia 
Sodium hydroxide NaOH 98.0 
Sigma-Aldrich 
Australia 
Nitric acid HNO3 70.0 
Sigma-Aldrich 
Australia 
Potassium chloride KCl 99.0 
Sigma-Aldrich 
Australia 
Potassium hydroxide KOH 90.0 
Sigma-Aldrich 
Australia 
Nickel foam Ni Porosity 95% 
Sigma-Aldrich 
Australia 
Indium tin oxide – 
polyethylene 
terephthalate (ITO-
PET) 
In2O3 (SnO2)x 
 Resistance 
60 Ω/sq 
Sigma-Aldrich 
Australia 
Whatman filter paper N/A N/A Lab-tek Australia 
Iron nitrate  Fe(NO3)3.9H2O  99.95  
Sigma Aldrich 
Australia  
Porous glass fiber 
(Borosilicate glass)  
SiO2-B2O3-Na2O  n/a  
Merck Millipore 
Australia  
N-methyl-2-
pyrrolidone  
 
99.5 Sigma-Aldrich 
Australia 
Ethylene carbonate 
 
99.0 
Sigma-Aldrich 
Australia 
Diethyl carbonate (C2H5O)2CO 99.0 
Sigma-Aldrich 
Australia 
Lithium hexafluoro 
phosphate  
LiPF6  99.99  
Sigma-Aldrich 
Australia  
Sodium perchlorate NaClO4 99.0 
Sigma-Aldrich 
Australia 
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Propylene carbonate 
 
99.0 
Sigma-Aldrich 
Australia 
CR2032 type coin 
cells  
n/a  n/a  China  
 
3.3 Synthesis methods 
3.3.1 Synthesis of liquid crystal graphene oxide (LC GO) 
Liquid crystal graphene oxide (LC GO) has been synthesized by following 
previously reported procedures. 
1-6
 Instead of the thermal treatment (1050 °C for 15 
s), microwave exfoliation of commercial expandable graphite was used to achieve 
fully oxidized graphite, which is a more viable and effective approach compared to 
the thermal process to obtain completely expanded graphite to preserve the high 
initial lateral sizes of the graphite flakes.
7-8
 Microwave expanded graphite (EG) was 
used as the starting material for GO synthesis following previously described 
methods. In detail, 5 g EG was mixed with 1 L sulfuric acid and stirred in a flask for 
24 h. 50 g KMnO4 was carefully added to the prepared mixture. The final mixture 
was transferred into an ice bath, and 1 L Milli-Q water and 250 mL H2O2 were 
poured slowly into the mixture, resulting in a minute color change of the suspension 
to light brown. After 30 min additional stirring, the GO particles were washed 
through centrifugation (6 times for 30 minutes at 11000 rpm, ProSciTech TG16WS) 
with a diluted HCl solution (9:1 water: HCl by volume). Liquid crystalline graphene 
oxide was obtained as an aqueous dispersion by washing with Milli-Q water until the 
pH of the solution was about 5-6. The resultant ultra-large GO sheets were highly 
dispersed in deionized water by gentle shaking (i.e., without the aid of a sonication 
process). 
3.3.2 Soft self-assembly mechanism of composites for layer-by-layer or cellular 
architecture 
The oxygen functional groups on the surfaces of graphene oxide constrain the 
material to behave as liquid crystals, which facilitates the different phases (nematic 
or isotropic) of liquid crystals towards a soft self-assembly approach (Figure 3.2).
3, 5, 
9-11
 The interaction of individual graphene oxide layers and their tendency to stay in 
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the aqueous medium due to the large number of oxygen functional groups causes 
them to assemble on top of each other with increasing concentration. Slow 
evaporation of the solvents affects the mesogenic behavior of the liquid crystals and 
drives them to combine with each other. During the complete evaporation of solvent, 
the GO sheets followed a self-guided pathway to stack on top of each other, under 
the influence of the crystal phase in the liquid solvents. The assembly of individual 
graphene oxide sheets may, in turn, form a layer-by-layer morphology (Figure 3.2a-
c) or arrange them in a cellular architecture, even after chemical treatment (Figure 
3.2d-e).
4, 9-10, 12
 The large number of functional groups of LC GO is highly active and 
interacts with additional materials through the opposite ends of functional groups 
embedded on the surfaces of secondary materials such as conductive polymers 
(Figure 3.3a). This aqueous composition of binary or ternary components, or even 
more components, has the natural tendency to form a layer-by-layer structure due to 
the van der Waals forces. During this process, the functionalized conductive 
polymers entrapped in between the layers of graphene oxide (Figure 3.3b) result in a 
flexible structure of the composition at room temperature. It is also possible to 
functionalize the surfaces of the conductive-polymer-coated LC GO sheets with 
other conductive components and prepare similar layer-by-layer composites by using 
the native self-assembly properties of the liquid crystals.  
 
Figure 3.2: Self-assembly mechanism of LC GO: (a) polarized optical microscope 
image of GO nematic liquid crystals, (b) proposed model for the nematic liquid 
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crystals of GO, (c) the nematic phase of the crystals promoting the formation of a 
layer-by-layer self-assembled morphology,
2, 9
 (d) polarized optical microscope image 
of GO leading to the formation of cellular architecture (e).
10
 
 
Figure 3.3: Self-assembly mechanism of conductive-material-loaded LC GO sheets: 
(a) LC GO sheets surface-functionalized with conductive polymers or other 
conductive materials, and (b) formation of the layer-by-layer architecture of the 
polymer functionalized graphene oxide sheets at room temperature by the natural 
self-assembly approach. 
3.4 Physico-chemical characterization techniques 
It is necessary for all the materials synthesized for supercapacitor application to be 
characterized properly to explore the complete physico-chemical properties of the 
materials and reveal their corresponding impact on related electrochemical 
performance. A series of physico-chemical techniques were applied to elucidate the 
structural morphology and elemental composition, as well as the characteristics of 
the final composite.  
 The application of liquid crystal graphene oxide followed by 
functionalization with conductive polymers and other components requires the 
determination of the crystalline state of the composition in a liquid medium. This is a 
preliminary study prior to forming a layered or cellular architecture for the 
multicomponent composite. To do so, polarized optical microscopy was used to 
confirm the stability of the crystals and their array. This illumination technique is 
commonly used on birefringent samples, where the polarized light interacts strongly 
with the sample and thus generates contrast with the background. Polarized optical 
microscopy was carried out with a Leica DM4000–6000 microscope at the 
University of Wollongong, Australia. 
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 To confirm the functionalization of GO surfaces with the interaction of 
conductive polymers and the further reduction of the oxygen containing groups on 
the GO surface required the identification of surface functional groups with the help 
of light absorption strategy. For these analyses, ultraviolet–visible spectroscopy (UV-
Vis, Shimadzu, UV-3600 UV-VIS-NIR) and Fourier transform infrared 
spectroscopy (FTIR, AIM-8800 Shimadzu Japan) techniques were used. 
 Thermogravimetric analysis (TGA) provides information regarding the 
chemical and physical changes associated with the samples at different temperatures 
or as a function of time at the same temperature. In this thesis research work, TGA 
was employed to evaluate the thermal stability of the prepared materials over the 
range of temperature from 50 to 1000 ˚C in air or ambient atmosphere. The TGA 
machine used in this thesis was a Mettler Toledo TGA/DSC1, Switzerland at the 
University of Wollongong, Australia. 
 It is very important for capacitive materials to have very high internal surface 
area and pore volume, which is a key point for the final electrochemical 
performance. The specific surface area of the as-prepared materials was obtained 
from Brunauer-Emmett-Teller (BET) surface area analysis. The BET surface area 
analysis depends on the principle of gas absorption by the surfaces of solid-state 
materials. The experiment is performed using liquid nitrogen temperature (77 K) at 
various relative pressures. The samples are degassed prior to the analysis to provide 
consistent and accurate results. In addition, by using the Barrett-Joyner-Halenda 
(BJH) desorption method, the pore size distribution of the samples can be determined 
from the isotherms resulting from BET analysis. The BET measurements were 
performed on a Quantachrome NOVA 1000 at the University of Wollongong, 
Australia. 
 In these studies, X-ray diffraction (XRD) was used as the primary analysis 
tool for both qualitative and quantitative purposes and for clarification of properties 
and structure of the composites.
13
 XRD is a simple and essential experimental tool 
for characterizing the crystallography of materials using the diffraction of X-rays by 
the powdered samples. When the specimen is exposed to these X-rays, diffraction 
patterns in the electromagnetic radiation are generated, corresponding to the periodic 
lattice found in crystalline structures. The X-ray diffractometer is also very helpful 
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for determining the interlayer distances of the materials. The interlayer distance 
created by the insertion of additional components in between the graphene oxide 
layers and the formation of rGO or graphene from GO can be determined by using 
this technique. All the XRD analysis was carried out at room temperature with a 
GBC MMA diffractometer (with Cu Kα radiation, λ = 1.54 Å) at the University of 
Wollongong, Australia. 
 X-ray photoelectron spectroscopy (XPS) is a surface analysis method that can 
be used to identify the elemental composition; empirical formula, oxidation state, and 
electronic state of the elements that are present in the material. An XPS spectrum 
provides collective information obtained when the beam of X-rays hits the material 
and the electrons that are ejected from the material’s surface within a range of 0-10 
nm are counted, together with a simultaneous measurement of their kinetic energy. 
Elements are mapped in the obtained XPS spectrum as per the respective binding 
energies corresponding to the electrons in their orbitals. In addition, the electronic 
states and the ratios of the various electronic states of the elements can be determined 
from the spectrum. In this thesis work, the samples are first etched using argon 
before XPS analysis and then subjected to further depth profiling and analysis with 
an XPS (XPS, PHOIBOS 100 hemispherical analyzer, SPECS GmbH). 
 Raman spectroscopy is an effective and widely used technique to observe 
vibrational, rotational, and other low-frequency modes in an atomic system, as well 
as chemical bonds and the symmetry of molecules. In a Raman spectrometer, laser 
light interacts with molecular vibrations, phonons, or other excitations, resulting in 
the energy of some laser photons being shifted up or down. The shift in energy gives 
information on the phonon modes in the system. In this doctoral work, Raman 
spectra were collected using a JOBIN Yvon Horiba Raman 57 Spectrometer model 
HR800 at the University of Wollongong, Australia. 
 The functionalization of graphene surfaces with conductive polymer along 
with other conductive materials must lead to a highly conductive network. The 
interconnected network of the components should be able to provide high electronic 
conductivity, which is very critical for faster ionic transportations. The conductivity 
of the as-prepared flexible composite papers was measured using a four-point probe 
resistivity system with a linear four-point probe head. A JANDEL four-point-probe 
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resistivity system (model RM3) was used to measure the surface conductivity at 
room temperature and 20 nA current.  
 The mechanical properties of the flexible composite materials were 
determined using a Shimadzu tensile tester (EZ-S) at a strain rate of 0.5% min
-1
 
parallel to the structural direction plane in the paper. The Young’s modulus (Y), 
tensile strength (σ), breaking strain (ε), and breaking energy (toughness) were 
calculated, and the average was reported for 5 similar samples. The thickness of the 
composite papers was ∼20 μm, as measured with a micrometer, and the papers were 
cut into dimensions of 30 mm by 10 mm. The thus-prepared strips were mounted on 
aperture cards with commercial superglue and allowed to air-dry. Note that only 10 
mm of each sample was exposed to the applied strain, as 10 mm from each side is 
used for gluing to the aperture card. 
 Apart from these surface component analyses the structural morphology of 
the materials needs to be visualized to better understand the electrochemical 
performance. In field emission scanning electron microscopy (FE-SEM) the electron 
beam is targeted on the surface of the material and reveals its actual 3D structural 
topology of it with the help of secondary electrons emitted from the materials. A 
JOEL JSM 7500F instrument was used to reveal the layered architecture of the 
flexible composites, as well as the role and interactions of the conductive polymer. 
An energy dispersive spectroscopy (EDS) analysis facility fitted with this instrument 
was used to map the interactions and location of the conductive polymer in the 
composites. 
 Another technique, transmission electron microscopy (TEM), was used to 
image the samples developed for this study. Unlike FE-SEM, the high energy 
electron beam of TEM is allowed to pass through the material and reveal its 
microstructure. This technique is widely applied to characterize nanosize materials 
down to atomic scale resolution, where a transmitted electron beam passes through 
the ultra-thin sample and reaches the imaging lenses and detector. Since graphene is 
a one atom thick layer, this is probably the best technique to resolve features of such 
materials and the arrangement of conductive polymer as well as networks of other 
conductive materials on its surface. EDS is an important technique built into TEM to 
determine the atomic composition of elements in composite materials. The location 
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of elements and strategy of their distribution on a single surface of graphene can be 
easily identified. Selected area electron diffraction (SAED) is another experimental 
feature of TEM, which can evaluate the crystallographic phase of the specimen 
material. It also can help to confirm the presence of the layered graphene in single or 
multilayer formations. The TEM sample preparation in this thesis work was 
performed by dispersing the material in ethanol and loading the suspension onto a 
TEM Cu grid with a supportive holey carbon film. The ideal TEM grid is a disc 
around 3.05 mm in diameter with a thickness of a few μm and mesh size of 100 μm. 
A JEOL JEM-ARM200F instrument was used to produce the transparent images of 
the samples at the University of Wollongong, Australia. 
3.5 Electrochemical characterization of single electrodes and assembled devices 
All the composites prepared for this doctoral study are easily able to form flexible 
films and can be directly used as working electrodes by cutting them with scissors 
into suitable dimensions. These materials have not been combined with any 
additional binding agents such as PVDF or conducting agents such as activated 
carbon to form electrodes for single electrode study in a beaker-type three electrode 
study system (Figure 3.4). In this system, the as-prepared composite was used as the 
working electrode against platinum foil as counter electrode and Ag|AgCl as 
reference electrode. 
 
Figure 3.4: Three electrode beaker-type cell for electrochemical analysis. 
Chapter 3. Experimental methods and characterization techniques 
 
104 
 
 In this thesis work, supercapacitor (SC) devices, both in the asymmetric and 
symmetric configurations, have been fabricated from the as-prepared composites. To 
assemble SCs in the asymmetric configuration the required anode was fabricated 
from activated carbon with PVDF added as binder. The ratio of the materials in the 
anode were activated carbon : PVDF (90:10), mixed with N-methyl-2-pyrrolidone 
(NMP) solvent in an agate mortar and ground to form a slurry to spread on stainless 
steel substrate in a mass loading of 1 to 2 mg/cm
2 
after drying in an oven for 24 h. 
For the cathode the as-prepared composites were cut into required circular shape 
with scissors. After that, the cathode and anode were placed in an ECC-Std model 
electrochemical cell (Figure 3.5) with a glass fiber separator to assemble a two 
electrode asymmetric supercapacitor device for electrochemical study with aqueous 
electrolyte.  
 
Figure 3.5: Electrochemical set up for asymmetric supercapacitor test (El-cell, 
Germany). 
 To assemble a SC device in symmetric configuration, two identical piece of 
as-prepared composite film were placed on flexible substrates such as nickel foam or 
indium tin oxide (ITO) coated polyethylene terephthalate (PET) and combined them 
by inserting a filter paper separator between them and holding the SC together with 
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scotch tape (Figure 3.6). The separator was presoaked in aqueous electrolyte to 
measure the electrochemical impact of the composite flexible materials in the device.  
  
Figure 3.6: Schematic illustration of the flexible SC device assembled in symmetric 
configuration. 
 The entire single electrode, set up in the three-electrode system or fabricated 
into supercapacitor devices in asymmetric and asymmetric configuration, was tested 
at standard temperature and pressure (STP) on a VMP3 Bio-Logic electrochemical 
workstation. Some common electrochemical techniques were applied to determine 
the charge storage capability of the materials, such as cyclic voltammetry (CV), 
charge-discharge (CD) at constant current, and electrochemical impedance 
spectroscopy (EIS). The potential range for the electrochemical analysis was 
determined based on the nature of the final electrode material and the electrolyte, as 
well as the configuration of the SC devices.  
 Cyclic voltammetry is the electrochemical technique used to measure the 
current that forms in an electrochemical cell under circumstances where voltage is in 
excess of that predicted by the Nernst equation. CV is performed by cycling the 
potential of a working electrode and measuring the resulting current. For typical 
EDLC materials, a nearly rectangular CV curve is expected due to the absence of 
redox activity, but in most cases, the EDLC materials contains surface oxygen 
groups which may provide partial pseudocapacitance. In the case of typical 
pseudocapacitive materials such as conductive polymers of metal oxides, the 
reversible redox reactions cause the CV curve to deviate with reversible peaks. The 
total charge storage or the capacitance of the material can be calculated from the 
corresponding CV curve by using the equations presented in Chapter 2. Another 
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technique similar to CV is the constant current CD study to follow up the exact 
charge storage behavior of the electrode materials in a device. In this study, a 
constant current is passed through the device at different rates to obtain a plot of 
potential (voltage) vs. time (s). Ideal EDLC materials provide a linear charge–
discharge plot, whereas pseudocapacitive materials feature a distorted plot with a tail 
at the end. The discharge profile of the plot is used to determine the total capacitance 
of the electrode material by using the equations in Chapter 2. The energy density and 
power density of the SCs were also calculated from the CD analysis of the device. 
Moreover, the electrochemical performance and charge storage capability of the 
symmetric supercapacitors were analyzed at different bending angles of the devices 
by using a similar electrochemical technique to explore the performance of the as-
prepared flexible electrodes in the assembled flexible supercapacitor device. EIS 
study also allows understanding of very important information regarding the 
interfacial contact and related resistance of the electrode and electrolyte in the 
devices. The Nyquist plots revealed from EIS study help to explain the ion transfer 
mechanism throughout the electrode material as well as the resistance developed 
during the continuous charging-discharging of the system.  
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CHAPTER 4: LIQUID CRYSTALLINE GRAPHENE 
OXIDE/PEODT:PSS SELF-ASSEMBLED 3D ARCHITECTURE 
FOR BINDER FREE SUPERCAPACITOR ELECTRODES  
4.1 Introduction 
Supercapacitors are advanced electrochemical devices, which have drawn great 
attention over the previous decade as a modern energy storage structure with high 
power density, superior charging/discharging processes, low maintenance costs, and 
long durability.
1
 Formation of an electrical double layer (EDL) between opposite 
charged electrodes is the basic charge storage mechanism of supercapacitors, which 
is typically supported by the large specific surface area of carbon materials. A wide 
range of carbonaceous materials (including graphene) have drawn great attention as 
electrode materials for supercapacitors.
2
 
 Graphene oxide is a promising electrode material with superior physical and 
promising electrochemical properties.
3-4
 Facile restacking of reduced graphene oxide 
sheets though van der Waals interaction results agglomeration and the performances 
are significantly worse than expected.
5
 Tuning of the dimensions and assembled 
structures of graphene oxide is a key route to enhance its performance, and among 
them, three-dimensional (3D) structures have been widely explored.
6-9
 Recently, 
amphiphilic liquid crystalline graphene oxide (LC GO) has been widely reported to 
introduce a new perspective into self-assembly of graphene materials.
10-16
 The 
amphiphilicity and self-assembly properties are more pronounced in the case where 
ultra-large GO sheets have been utilized to prepare LC GO dispersions in both water 
and organic solvents.
10, 13
 The application of LC GO dispersion for fabrication 
enables the formation of a layer-by-layer self-assembled 3D architecture that leads to 
better electrochemical properties.
13, 17-18
 Facile restacking of graphene sheets hinders 
the otherwise high effective surface area of ultra large LC GO sheets (2000 m
2
 mL
-
1
).
10
 It is difficult, however, to observe the intrinsic capacitance of individual 
graphene sheets, which determine the observed capacitance of this layer-by-layer 
self-assembled graphene electrode and also the EDL between electrode-electrolyte 
interfaces. Different methods and various materials, such as metal oxide 
nanoparticles, organic molecules, carbon nanorods, and especially, conducting 
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polymers have been widely used to fabricate graphene nanocomposites with 
enhanced properties.
3, 19-21
 Chemical reduction is one of the best ways to amplify the 
electrochemical performance of GO, is called reduced graphene oxide (rGO). Among 
the various reducing agents, ascorbic acid (Vitamin C) is an ideal substitute due to its 
economic feasibility and environmental non-toxicity.
22
  
 Conducting polymers (CPs) are promising organic electrode materials for 
supercapacitor applications with excellent electrical conductivity and facile redox 
capability. Due to the slow diffusion effect of electrolyte ions, however, CP 
dominated supercapacitors showed insufficient power performance and volumetric 
variations during cycling due to failure of the electrode structure caused by fast 
charge/discharge.
23-24
 Despite these issues, CPs have become attractive as a 
secondary component in supercapacitor electrodes, such as a surface coating on 
electric double layer capacitor (EDLC) materials (i.e. graphene).
25
 Graphene-CP 
composites provide excellent performance as electrode materials, but they are 
commercially and environmentally incompatible with the roll-to-roll, large-scale 
electrode manufacturing processes. Most graphene-CP composites that are applicable 
in supercapacitors are powdery and need a binder prior to electrode preparation.
26
 
Binding compounds not only make the procedure more complex, but also hinder the 
electrical conductivity and waste energy. Thus, the most suitable way is to find a way 
to use the conducting polymer in supercapacitors both as a binder and as a capacity 
enhancer. 
 Poly(3,4-ethylene-dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is a 
polymer mixture of p-type doped conjugated PEDOT polymer, carrying positive 
charges, and PSS, containing sulfonyl groups to serve as “counter-ions” to PEDOT. 
Commercially available PEDOT:PSS dry pellets are easily dispersible in aqueous 
solution and suitable for thin-film formation. PEDOT:PSS also has very good 
binding capability with metal current collectors. Owing to its very high conductivity, 
aqueous dispersibility, processing simplicity, and atmospheric stability as a charged 
organic backbone, PEDOT:PSS has been widely used as a conductive electrode for 
flexible electronic and optoelectronic devices.
27-29
 With the advantage of being 
environmentally benign, PEDOT:PSS can be a very good supercapacitor electrode 
material candidate compared with other conducting polymers such as polyaniline or 
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polypyrrole. Nevertheless, PEDOT:PSS-rich supercapacitor electrodes have so far 
exhibited very limited capacitance (< 100 F g
_1
), limited power performance, and 
finite mass loading.
30-31
 As the energy device performance is determined by the 
electrode active component, it is crucial to engineer hierarchical architectures to 
provide both binding capability and proper mass loading. 
 In the present study, a very convenient one-step method has been followed to 
fabricate a layer-by-layer self-assembled 3D architecture of graphene-CP composite 
for supercapacitor application by using LC GO precursor. After consideration of the 
environmental issues and atmospheric stability, PEDOT:PSS was chosen as a 
conducting polymer to uniformly coat the liquid crystalline large graphene oxide 
sheets, while simultaneously maintaining interlayer spacing between the graphene 
sheets. PEDOT:PSS not only acts as a spacing agent between graphene oxide sheets, 
but the excess polymer layer plays a vital role as a binding agent, providing 
satisfactory active material mass loading on the electrode substrate with promising 
electrochemical performance. Chemical modification of the as-prepared GO-
PEDOT:PSS composite electrodes is the key to preserving the large sheet size, even 
after the reduction of GO. The chemically reduced binder-free GO-PEDOT:PSS 
composite electrode having less conductive polymer (PEDOT:PSS) content exhibits 
an enhanced capacitance of 121 F g
-1
/electrode at a discharge current of 0.25 A g
-1
 in 
a real asymmetric supercapacitor device. Moreover, all the composite electrodes 
present outstanding cycling performance with excellent electrical conductivity. By 
considering the simplicity of fabrication and excellent electrochemical performance 
with practical composite material mass loading, it is clear that the as-prepared 
composite possesses great potential as large-scale electrode assembly for 
supercapacitor applications. 
4.2 Experimental methods 
4.2.1 LC GO synthesis 
Liquid crystal graphene oxide was synthesized by following the procedure described 
in Chapter 3 section 3.3. Orgacon
TM
 DRY re-dispersible PEDOT:PSS pellets 
(produced by Agfa), activated carbon, PVDF, L-ascorbic acid (vitamin C) and 
ethanol were purchased from Sigma-Aldrich and used as supplied. 
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4.2.2 Preparation of composite electrode 
The preparation of LC GO/PEDOT:PSS composite dispersion and self-assembled 3D 
architecture electrodes is illustrated in Figure 4.1. A given amount of PEDOT:PSS 
was added into 50 mL of diluted LC GO dispersion in water with a mass ratio of 25, 
50, and 75%, with the products denoted as GO-PP 25, GO-PP 50, and GO-PP 75, 
respectively. PEDOT:PSS was easily dispersed and able to adsorb on GO sheets to 
form a coating. The polymer-containing dispersion GO-PP 25, 50 and 75 were then 
dried for 24, 30 and 36 hr respectively under continuous stirring at room temperature 
until it formed a viscous paste. The working electrode was prepared by painting the 
GO-PP composite on titanium sheets (2 cm × 1 cm) for testing in a three-electrode 
system, composite material also spread on a circular stainless steel substrate of 15 
mm diameter for testing in an asymmetric device as cathode and allowed to dry at 
room temperature. Activated carbon was mixed with PVDF at a mass ratio of 75:25 
to prepare anode for the asymmetric device. Deoxygenation of the GO content was 
conducted by treating the samples with required amount (10 mL) of 0.1 M vitamin C 
solution at 80 °C for 12 h. The treated electrodes were washed with ethanol and dried 
in a vacuum oven. The final loading of the composite material for each electrode was 
varied from 0.5 to 4 mg cm
-2
 and thickness ranges from 2-18 µm. Free-standing GO-
PP composite paper was cast on a Teflon mould at room temperature. The 
PEDOT:PSS coated graphene oxide and reduced graphene oxide composites are 
designated as GO-PP and rGO-PP, respectively. 
4.3 Materials characterization 
 The morphology of the composite samples was studied by field emission scanning 
electron microscopy (FE-SEM) (JEOL JSM-7500FA), and high-resolution 
transmission electron microscopy (HR-TEM) was performed on a JEOL F3000 
instrument. Sectioned piece of rGO-PP composite film was mounted on sample 
holder with carbon tape for FE-SEM analysis. The rGO-PP film was ground lightly 
with ethanol in a mortar and pestle to disperse it. The grid was then dipped in the 
suspension, allowed to dry and examined in the TEM. X-ray diffraction (XRD) 
experiments were performed using a XRD system (GBC MMA) employing Cu Kα 
radiation (X-ray wavelength λ = 1.5406 Å, with operation at 40 keV and a cathode 
current of 20 mA). Optical absorbance was measured on an ultraviolet-visible (UV-
VIS) spectrometer (Shimadzu, UV-3600 UV-VIS-NIR), and Fourier transform 
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infrared (FT-IR) spectra were collected on an AIM-8800 (Shimadzu, Japan) infrared 
spectrophotometer with the KBr pellet technique. X-ray photoelectron spectroscopy 
(XPS, PHOIBOS 100 hemispherical analyser, SPECS GmbH) was conducted with 
pass energy of 26.00 eV, 45° take-off angle, and a beam size of 100 mm. The 
birefringence behaviour of the LC GO and LC GO-PEDOT:PSS dispersions was 
examined by polarized optical microscopy (POM, Leica CTR 6000), operated in 
transmission mode to examine a drop of dispersion on a glass slide. The conductivity 
of the free-standing composite papers was measured using a four-point probe 
resistivity system with a linear four-point probe head. Electrochemical experiments 
were performed on a VMP3 Bio-Logic electrochemical workstation using the three-
electrode configuration in a beaker-type cell. An electrolyte solution of 1 M H2SO4, 
an Ag|AgCl reference electrode, and a platinum foil counter electrode were used. An 
aqueous asymmetric supercapacitor was assembled in an ECC-Std electrochemical 
test cell (EL-cell) with two gold current collectors (15 mm in diameter) and a glass 
fibre separator. 
 
Figure 4.1: Schematic illustration of preparation of binder-free electrodes: (a) LC 
GO, (b) PEDOT:PSS, (c) GO-PP composite, and (d) binder-free as-prepared 
electrodes. 
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4.4 Results and discussion 
4.4.1 Structural characterization 
Liquid crystalline ultra-large GO sheets are amphiphilic in nature, which therefore 
makes them an ideal candidate as a water processable material.
17
 The basal plane of 
LC GO is very suitable for holding functional groups of conductive polymer through 
π-π interactions. Aggregation of reduced GO sheets is an obstacle to the formation of 
a homogeneous conductive polymer coating on the reduced GO sheet surface in 
aqueous solution,
32
 Highly dispersible ultra-large LC GO is used to facilitate the 
interaction with CPs prior to the formation of the composite and chemical reduction 
of the as-prepared composite material to resolve the aggregation issue. PEDOT:PSS 
pellets were homogeneously dispersed in LC GO dispersion as an aqueous medium 
containing GO sheets with their surfaces exposed for easy interaction. GO sheets 
with PEDOT:PSS coating showed excellent dispersion capability, and their liquid 
crystalline properties remained  stable. Representative polarized optical microscope 
(POM) micrographs of the composite dispersion in Figure 4.2 clearly show the 
birefringent lyotropic LC behaviour of PEDOT:PSS interacting with GO in water. 
The lyotropic nematic liquid crystalline properties of the GO dispersion became 
more obvious with increasing polymer content. 
 
Figure 4.2: Representative polarized optical microscope images of (a) LC GO, (b) 
GO-PP 25, (c) GO-PP 50 and (d) GO-PP 75 at a concentration of 2.5 mg mL
-1
. 
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Figure 4.3: Photograph of the flexible GO-PP composite paper. 
 The liquid crystalline properties of GO provide unique opportunities for the 
production of a self-assembled, fully ordered, and novel composite architecture with 
free-standing and flexible film formation. Figure 4.3 shows a piece of 25% 
PEDOT:PSS composite paper 16 × 12 cm
2
 in size.  
 
Figure 4.4: FE-SEM micrographs of dried composites: (a) GO, (b) GO-PP 25, (c) 
GO-PP 50, and (d) GO-PP 75, with the arrows marking the PEDOT:PSS overlap. 
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 The cross-sectional FE-SEM images of the different PEDOT:PSS composite 
papers in Figure 4.4 show the ordered multilayer structure of the PEDOT:PSS coated 
thin graphene sheets. Interaction between the GO sheets and the PEDOT:PSS 
entrapped polymer between the layers leads to increasing GO sheet thickness with 
increasing PEDOT:PSS content from 25% to 75%. GO-PP 25 composite shows 
almost the same architecture and sheet thickness as GO, but the higher polymer 
content composites (GO-PP 75) show ordered assembly with polymer overlap from 
the composite interior and form a compact structure. The self-assembled, multi-layer 
3D architecture is maintained even after chemical reduction. Figure 4.5 presents high 
resolution cross-sectional FE-SEM images of the chemically treated composites. The 
increasing sheet thickness of the PEDOT:PSS coated rGO can also be detected from 
these images. The composites remain similar layer morphology after chemical 
reduction process. 
 
Figure 4.5: High resolution cross-sectional FE-SEM images of (a) rGO-PP 25, (b) 
rGO-PP 50, and (c) rGO-PP 75 reveal the structural morphology of the rGO sheets as 
an effect of the PEDOT:PSS content increasing. 
 The surface morphology of the GO sheets is also changed due to the polymer 
coating. A small amount of PEDOT:PSS (25%) attaches itself to the GO sheets 
uniformly and makes the sheet surface smoother than that of bare GO (Figure 4.6 a, 
b), but with increasing PEDOT:PSS content, localized PEDOT:PSS agglomeration 
from the aqueous dispersion may occur, appearing as  nanowhiskers on the GO 
surface Figure 4.6c, d). Figure 4.6 also contains TEM images of GO and GO-PP 25 
composite to illustrate the structural morphology. The layer-by-layer self-assembled 
structure is clearly evident from the homogeneous PEDOT:PSS among the GO 
sheets. The characteristic wrinkles in the GO sheets in Figure 4.6(e) have almost 
disappeared with the low mass loading of PEDOT:PSS in the composite paper 
(Figure 4.6f). The flexible GO-PEDOT:PSS composite paper exhibits good electrical 
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conductivity of 72 S cm
-1
 for the 25% PEDOT:PSS composite, but chemical 
treatment increases the conductivity to 343 S cm
-1
. In the chemical reduction process, 
like different solvents 
33
 ascorbic acid solution most likely results in the conversion 
of the PEDOT chain from a benziod to quinoid structure and induces significant 
conductivity enhancement in the composite films. 
 
Figure 4.6: FE-SEM images showing the surface morphology of (a) GO, (b) GO-PP 
25, (c) GO-PP 50, and (d) GO-PP 75. Representative TEM images of (e) GO film 
and (f) GO-PP 25 composite. 
 The PEDOT:PSS between the composite layers also increases the layer-to-layer 
distance (d-spacing) compared to GO, as illustrated in Figure 4.7(a). The XRD 
pattern of the as-prepared GO shows a distinct peak at 10.83°, corresponding to a d-
spacing of about 8.17 Å for typical GO sheets.
17
 The introduction of 25% 
PEDOT:PSS forms a very thin layer on the GO sheets and downshifts the peak to 
10.46°, which is analogous to a d-spacing of about 8.450 Å, demonstrating the very 
thin nature of the polymer layers during the formation of the self-assembled ordered 
structure. The same trend is observed with increasing amounts of PEDOT:PSS. In 
the composite with 50% PEDOT:PSS, the peak is shifted to 9.90°, indicating a d-
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spacing of 8.927 Å, but the excess polymer content interacts with itself  and results in 
an amorphous composite 
33
 which reduces the graphene oxide characteristic peak and 
makes it difficult to determine the interlayer distance in the 75% PEDOT:PSS 
composite. The XPS survey spectra of GO and GO-PP composite in Figure 4. (b) 
show the presence of C 1s and O 1s signals, which resemble the typical S 2p signal 
of PEDOT:PSS, indicating that PEDOT:PSS had been coated on the GO sheets 
uniformly. The high resolution C 1s XPS spectrum (Figure 4.7d) of the GO-
PEDOT:PSS composite compare with the C 1s spectra of as-prepared GO (Figure 
4.7c) shows four peak components with binding energies at about 284.4, 285.5, 
286.8, and 287.8 eV, which are attributed to sp
2
-hybridized carbon, sp
3
-hybridized 
carbon, C‒S, C‒O, C=O, and O‒C=O species, respectively.
34
 
 
Figure 4.7: Structural characterization of composites: (a) comparison of XRD 
patterns of as-prepared composites: (1) GO, (2) GO-PP 25, (3) GO-PP 50, and (4) 
GO-PP 75; (b) XPS survey spectra of (1) GO, (2) GO-PP 25, and (3) rGO-PP 25 
composites; and (c) fitted C 1s core level spectra of as-prepared GO, and (d) fitted 
GO-PP 25 composite core level spectrum in the carbon region. 
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4.4.2 Fabrication of electrode and chemical reduction 
A one-step easy fabrication method has been used to prepare electrodes with layer-
by-layer self-assembled 3D architecture, where the GO sheets are homogeneously 
coated with a PEDOT:PSS layer. Interlayer PEDOT:PSS not only facilitates 
electrochemical access to the GO sheet surfaces, but also acts as a binder to promote 
the attachment of the electrode materials to the current collector, even after chemical 
treatment, whereas GO and PEDOT:PSS are unable to exhibit this property 
themselves Figure 4.8. Chemical treatment of the as-prepared electrodes by dipping 
them into a reducing agent solution has been chosen as a convenient way to reduce 
the GO content in the GO-PP composite. This directly pasted, binder-free, self-
assembled electrode served as a robust platform to prepare graphene-CP composite 
electrodes at moderate temperature, by avoiding highly toxic reducing agents 
(hydrazine) and minimising the risk of introducing heteroatom into the electrode 
materials.
22, 35
 
 
Figure 4.8: Composite attachment to the electrode during chemical reduction in 10 
mL of 0.1 M ascorbic acid solution (a) GO-PP 25, (b) PEDOT:PSS, and (c) GO.  
 Distinct changes were observed in the XRD patterns during the chemical 
processing (Figure 4.9a). The peak position of 25% PEDOT:PSS containing GO 
composite at 10.46° (8.45 Å) was shifted to a higher angle of 24.74° (3.595 Å), close 
to the interlayer spacing of graphite of 3.34 Å at 26.6°, due to the remarkable loss of 
functional groups on the GO sheets during the chemical reduction. The S 2p core 
level spectra of rGO-PP 25 composite suggest a uniform coating and stability of 
PEDOT:PSS on the graphene sheets (Figure 4.9b). The lower-energy feature of the S 
2p spectrum, near 165 eV, can be assigned to the sulfur atoms in PEDOT, and the 
higher energy spectrum near 169 eV resembles that of the sulphur atoms in PSS 
36
 in 
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spectrum (3) in Figure 4.7(b), revealing the residual oxygenated groups on graphene 
after chemical reduction, while the S 2p signal intensity in the survey spectrum 
(Figure 4.7b, spectrum 2 and 3) indicates the increased ratio of sulphur to carbon or 
oxygen as an effect of chemical reduction. Moreover, the core level C 1s spectrum of 
rGO-PP 25 composite demonstrates that the proportion of epoxy/hydroxyls and 
carboxylate groups decreases remarkably relative to carbon‒carbon or carbon‒sulfur 
groups, implying an efficient reduction of graphene oxide through chemical 
treatment (Figure 4.9c). 
 
Figure 4.9: Chemical reduction effects on as-prepared composite materials: (a) 
change in XRD patterns of (1) GO-PP 25 and (2) rGO-PP 25 composites; (b) S 2p 
spectra of GO-PP composite after chemical reduction, (c) XPS core level spectra of 
rGO-PP 25 composite in the carbon region; (d) comparative FT-IR spectra of (1) 
rGO, (2) GO-PP 25, and (3) rGO-PP 25 composites; and (e) UV-Vis spectra of (1) 
PEDOT:PSS, (2) GO-PP, (3) GO, and (4) rGO-PP. 
 Figure 4.9(d) presents the FT-IR spectrum of GO-PP 25 along with those of rGO 
and rGO-PP 25 composite. Compared with rGO and GO-PP 25, rGO-PP 25 
composite shows characteristic peaks of PEDOT:PSS (Figure 4.9d, spectrum 3). The 
peaks at 979, 834, and 687 cm
-1
 can be assigned to the C‒S bond of the thiophene 
ring in PEDOT. The bands at 1200, 1095, and 1034 cm
-1 
are ascribed to stretching 
modes of the alkylenedioxy group.
37
 Vibrations below 600 cm
-1
, the S=O vibration 
near 1200 cm
-1
, and the O‒S‒O signal at 1034 cm
-1
 are identical to those for the 
Chapter 4. Liquid crystalline graphene oxide/PEDOT:PSS self-assembled 3D architecture for binder-
free supercapacitor electrodes 
120 
 
sulfonic acid group of the PSS chain.
38
 The following results have definitely proved 
the effective reduction of GO and the presence of stable PEDOT:PSS layers in the 
3D architecture of the composite. The stability of the PEDOT:PSS after chemical 
treatment at 80 °C is also supported by the UV-Vis spectra in Figure 4.9(e). The 
characteristic absorption peak for PEDOT:PSS at 225 nm is detectable before and 
after chemical reduction in the composite. No unwanted absorption peak is obtained, 
just the peak at 227 nm for GO, which is shifted to 265 nm as deoxygenation takes 
place and electronic conjugation is restored.  The PEDOT:PSS incorporated, self-
mediated 3D architecture platform of rGO-PP composite paper showed satisfactory 
mechanical strength compared to free standing rGO paper (Table 4.1). A further 
increase in conductive polymer content between rGO layers decreases the composite 
flexibility and mechanical strength.  
Table 4.1: Mechanical properties of free standing rGO-PP composite film (≈ 12 µm 
thickness). 
Composite 
Young’s modulus 
(GPa) 
Tensile Strength 
(MPa) 
rGO-PP 25 11.7 112 
rGO-PP 50 9.8 95 
rGO-PP 75 6.2 56 
rGO 12.1 119 
4.4.3 Electrochemical performance 
Cyclic voltammetry (CV) was used to determine the effects of reduced graphene 
oxide in the rGO-PP composite, as shown in Figure 4.10(a). An increase in the area 
of the CV suggests that the reduction of GO has a massive impact on the overall 
specific capacitance of the composite. From the same plot, the EDLC and 
pseudocapacitive contributions from the rGO and PEDOT:PSS are evidenced by the 
large current separation and distorted rectangular shape of the CV. Although 
conducting polymers are well known to be pseudocapacitive in nature, thereby 
giving rise to peaks in the CV, it is expedient to assume that the overall 
pseudocapacitive effect arises from both the rGO and the PEDOT:PSS. Several 
groups have reported high performance graphene oxide-PEDOT:PSS composite 
electrodes with a very minute mass loading 
30
 listed in Table 4.2, which is not 
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practical for commercial applications. Small masses also exaggerate the performance 
of such electrodes 
39
. Therefore, the optimum mass loading was determined for the 
best electrode material with consistent performance (Figure 4.10b), and its 
performance was compared the charge storage performance to similar composites 
reported in the literature, as shown in Table 4.2.  
 
Figure 4.10: Electrochemical performance of rGO-PP 25 composite in a three 
electrode system: (a) cyclic voltammograms of the composite electrodes before and 
after chemical reduction, (b) specific capacitance of rGO-PP 25 composite electrodes 
with different mass loading at 5 mV s
-1
, marked with the minimum active material 
mass for further electrochemical characterization, (c) variation of specific 
capacitance of different composites including PEDOT:PSS with scan rates, and (d) 
Nyquist plots of different composite electrodes. The inset shows the corresponding 
magnified high frequency region. 
 From the results in Figure 4.10(b), the effects of mass loading on the overall 
specific capacitance have been revealed. Prepared electrode with minute mass (0.5 
mg cm
-2
) showed extraordinary performance of 434 F g
-1
. With an increase of active 
material (rGO-PP composites) content, specific capacitance (Cs) starts to decrease, 
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but at higher mass loading of 2.15 to 4 mg cm
-2
 an overall and consistent 
performance of around 246 F g
-1
 was achieved by using the following equation. 
𝐶s =
1
𝑚𝑣(𝑉𝑎−𝑉𝑐)
∫ 𝐼(𝑉)
0.8
0
𝑑𝑉       (4.1) 
Where m is the mass of active material (rGO-PP) (g), v the scan rate (mV s
-1
), I the 
current, and V the voltage, while (Va ˗ Vc) represents the potential window and the 
integral area under the cyclic voltammograms. Our obtained values of Cs for higher 
mass electrodes are better than the electrodes of similar composition and mass 
loading previously reported (Table 4.2).  
Table 4.2: Comparative study of the electrochemical performance regarding mass 
loading of Graphene/CNTs-PEDOT:PSS based composites used to fabricate 
supercapacitor electrodes.  
Name of 
composites 
Method of 
preparation 
Mass loading 
(mg cm
-2
) 
Specific 
(capacitance F g
-1
) 
Ref. 
rGO-PEDOT:PSS Solution cast 0.52 434 Current 
study 
rGO-PEDOT:PSS Solution cast 2.15 249 Current 
study 
GO-PEDOT:PSS-
CNT 
Solution cast 0.3 365 
30
 
Graphene/PEDOT Microwave-assisted .03 270 
37
 
RGO-PEDOT In situ 
polymerization 
2 108 
40
 
PEDOT:PSS-
SWCNT 
Mixing by 
sonication 
4 133 
31
 
 
 These high values for performance at variable mass loadings in this study, 
compared to the literature data (Table 4.2) demonstrated the influence of the 
differing morphology of the developed ultra-large rGO sheets separated by 
PEDO:PSS. From Figure 4.10(b), it is clear that the specific capacitance is not 
affected by further increasing the quantity of active material over 2.15 mg cm
-2
.  To 
achieve more realistic specific capacitance as suggested by Stoller et. al 
39
 of the as-
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prepared composite electrodes, a mass loading of over 2.15 mg cm
-2 
was selected as 
an appropriate quantity (Figure 4.10b) to carry out further tests to determine the 
effects of the scan rate on the electrode materials. This information points directly to 
the power capability of an electrode toward charge storage. From Figure 4.10(c), a 
reduction in the specific capacitance with increasing scan rate was observed. This is 
due to the fact that at high scan rates, electrolyte ions do not get sufficient time to 
occupy the available sites for charge storage. Even at 200 mV s
-1
, rGO-PP 25 still 
produced a specific capacitance of 167 F g
-1
. However, an increase in PEDOT:PSS 
should enhance the specific capacitance due to its faradic contribution, but diffusion 
effects of the electrolyte ions are slower with an increase in PEDOT:PSS content and 
show lower capacitance.
40
 This shows that the synergy between the rGO and 
PEDOT:PSS results in a robust composite that stores more charge than rGO and 
PEDOT PSS individually. 
 
Figure 4.11: Cyclic voltammograms of rGO-PP 25 composite electrode before and 
after 2000 cycles in a three electrode system. 
  Figure 4.10(d), shows the electrochemical impedance spectroscopy (EIS) plot 
obtained for the composite electrode over the frequency range from 10 kHz to 10 
mHz. The Nyquist plots of different rGO-PP composites and PEDOT:PSS show a 
typical high frequency semicircle, signifying charge transfer resistance, and an 
almost vertical plot at low frequency where the electrodes are dominated by purely 
capacitive behaviour. From the inset in Figure 4.10 (d), charge transfer resistance, 
Rct, values of 0.76, 1.34, and 7.13 Ω were recorded for rGO-PP 25, rGO-PP 50, and 
rGO-PP 75 respectively. The analyses show that the good electrical conductivity and 
Chapter 4. Liquid crystalline graphene oxide/PEDOT:PSS self-assembled 3D architecture for binder-
free supercapacitor electrodes 
124 
 
ionic diffusion resulted in the high performance of the rGO-PP 25 composite as 
electrode material for supercapacitor application. It envisages that a lesser amount of 
conductive polymer provides better connection between the graphene layers to 
facilitate improved electrical conductivity. 
 Unlike many other reported graphene-CP composites
30, 40
 chemically reduced GO-
PEDOT:PSS composite showed a very interesting phenomenon and excellent 
performance, as it exhibited noticeably increased specific capacitance with 
increasing cycle number. The electrodes made from rGO-PP 25 composite shows a 
steady increase in capacitance of 19.6% after 2000 cycles Figure 4.11, possibly due 
to the depletion of residual oxygenated groups on graphene sheets in Figure 4. (c), 
causing the material to become more electroactive. This interesting characteristic 
may be due to the redox effect of PEDOT:PSS on the partial electrochemical 
reduction of GO and significantly improves the material’s cycle life. 
4.4.4 Asymmetric supercapacitor 
 
Figure 4.12: Electrochemical performance of the as-prepared rGO-PP 25 composite 
in an asymmetric supercapacitor device: (a) effect of scan rates on the specific 
capacitance (Cs), (b) variation of specific capacitance at different scan rates, (c) 
charge/discharge profiles at different current densities, and (d) variation of specific 
capacitance (Cs) at different current densities. 
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 To assess the feasibility of PEDOT:PSS coated graphene composite in a practical 
system, an asymmetric supercapacitor (ASC) was developed by following the best 
practice method.
39, 41
 The best performing rGO-PP 25 as cathode, together with 
activated carbon (AC) as the anode material, and tested the supercapacitor in a 
potential window of 0 to 1 V. Figure 4.12(a), presents the almost rectangular cyclic 
voltammograms resulting from the combination of rGO-PP 25 composite and AC as 
expected for ideal capacitors, even at the high scan rate of 100 mV s
-1
. The slight 
decrease in capacitance (Figure 4.12b) as the scan rate was increased, while 
maintaining the rectangular shape, indicates desirable fast charge/discharge 
properties for power devices.  
 A number of factors play influential roles in determining the final performance of 
a material in a supercapacitor device, but the electrochemical performance of the as-
prepared composite electrode was the only focus of this study. In order to do so, the 
specific capacitance (Cs) per unit mass of one electrode (rGO-PP 25) in the 
asymmetric supercapacitor device was evaluated from cyclic voltammetry by 
applying Equation (4.1) and from the charge/discharge (CD) method by applying 
Equation (4.2).
39, 42
 
𝐶s = 4 ×
I×t
V×m±
= 4 × 𝐶T       (4.2) 
Where I is the current in Amperes, t, the discharge time in seconds, V, the voltage, 
m±, the total mass of the positive and negative electrodes in grams and CT is the 
specific capacitance of the ASC cell. To demonstrate the individual capacitive 
performance of the as-prepared rGO-PP composite electrode in the ASC device, a 
factor of 4 was used to translate the specific capacitance of the ASC into that of the 
single rGO-PP 25 electrode. Maximum specific capacitances (Cs) of 139 and 121 F 
g
-1
 were obtained from CV and CD, respectively of the rGO-PP 25 composite 
electrode in the ASC device. Alternating current penetrates into the bulk of the 
electrode material with some difficulty, which can cause lower Cs values to be 
obtained from CD than those obtained through CV. As mentioned earlier, the 
combined contribution of constituent materials in the composite from 
pseudocapacitance and EDLC provides these high capacitances. Figure 4.12(c), 
shows CD profiles obtained at different current densities that exhibit symmetrical 
linear charging and discharging slopes, implying a rapid I-V response, excellent 
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electrochemical reversibility, and high coulombic efficiency. At higher current 
densities, specific capacitances of 121, 104, 91, 77, and 69 Fg
-1
 at 0.25, 0.5, 1, 2, and 
4 A g
-1
 were obtained, as shown in Figure 4.12(d). 
 Perhaps the most important parameters for any practical supercapacitor device are 
the energy and power densities. The specific energy (E) and power (P) density of the 
rGO-PP 25 composite electrode in an ASC device are calculated from the 
galvanostatic data using the following equations 
42
 and presented in Table 4.3.  
𝐸 =
1
2
𝐶s(∆𝑉)
2/3.6         (4.3) 
𝑃 =
𝐸
𝑡
          (4.4) 
Where Cs, ΔV, and t are the specific capacitance of composite electrode in the ASC 
device, potential window (V), and discharge time (s) respectively.  
 
Figure 4.13: Electrochemical behaviour of the assembled asymmetric supercapacitor 
device: (a) Nyquist plot of the asymmetric supercapacitor, with the inset showing an 
enlargement of the indicated region; (b) Bode plot suggesting maximum phase angle; 
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and (c) cycle life of the assembled asymmetric super capacitor over 2000 cycles at 50 
mV s
-1
, with the inset showing CV curves for cycles 1 and 2000. 
 Due to the synergy between the constituent materials in the composite, specific 
energy density of 16.14 Wh kg
-1
 and a power density of 1185 W kg
-1
 were achieved 
for the composite electrode in the assembled ASC device at 0.25 A g
-1
. Including 
higher mass loading (over 2.15 mg cm
-2
) such a better specific energy density is ideal 
for supercapacitors, as the challenge for these devices is to store as much energy as 
batteries. It is not surprising that the power density for this device is also promising, 
as is characteristic of supercapacitors. Moreover, the energy and power density of 
rGO-PP 25 composite electrode in an ASC device can be further increased by 
combining with different anode materials to optimize its performance. With the 
excellent interconnectivity between the components of the final electrode composite, 
the ions are able to penetrate throughout the whole porosity of the active material and 
provide fast charge transfer. For this reason, Nyquist plot in Figure 4.13(a), there is a 
very small semicircle indicating low charge transfer resistance (Rct), while a near 
vertical line was detected at lower frequencies. A Bode plot (Figure 4.13b) was 
plotted from the Nyquist plot to show the maximum phase angle of -82°, which is 
close to the phase angle of -90° for an ideal supercapacitor. Long cycle life is a 
prominent characteristic of supercapacitor electrode materials in practical 
application. To determine the longevity and explore the change in capacitance of the 
asymmetric device, the performance over 2000 cycles at 50 mV s
-1
 was tested,
 
and 
the results are plotted in Figure 4.13(c). No substantial changes were observed in the 
device capacitance, and the internal area of the cyclic voltammograms (Figure 4.13c) 
becomes even more rectangular, which is ideal for practical supercapacitors. 
Interfacial contact between PEDOT:PSS and graphene not only prevents the 
agglomeration and restacking of graphene sheets, but also enhances the 
electrochemical activity of the composite as an improved electric double layer 
capacitor. 
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Table 4.3: Specific energy and power density of the composite electrode (rGO-PP 
25) in an asymmetric supercapacitor device. 
Current density  
(A g
-1
) 
Specific energy density 
(Wh kg
-1
) 
Specific power density 
(W kg
-1
) 
0.25 16.14 1185 
0.5 13.85 2270 
1 12.39 4460 
2 10.69 7700 
 Thus, copious electrochemical analysis suggests that the rGO-PP composite 
electrode, which is also easily scaled-up, exhibits promising specific capacitance 
with a synergistic effect between the graphene and the PEDOT:PSS. Firstly, the 
aligned p-type PEDOT and n-type PSS chains facilitate ion diffusion from the 
electrolyte to each layer of graphene sheet, making complete use of the active 
material. In addition, the large surface area of the ultra-large graphene sheets 
promotes faster electron transfer. Due to this, decreased ion diffusion and charge 
transfer resistance lead to the improved specific capacitance. Moreover, with the help 
of graphene sheets as a platform for PEDOT:PSS chains, the composite can 
withstand the strain relaxation and mechanical deformation from cycling, preventing 
the electrode material from seriously swelling and shrinking during the 
electrochemical processes. Therefore, the full interaction of PEDOT:PSS with the 
graphene sheets resulted in improved capacitive performance of the composite and 
better cycling stability. 
4.5 Conclusions 
The direct interaction between PEDOT:PSS and liquid crystalline graphene oxide 
sheets leads to the formation of layer-by-layer self-assembled 3D architecture 
composite. Interlayer conductive PEDOT:PSS enable this composite as a high 
quality, innovative, binder-free electrode material through one-step reduction 
process. Application of ascorbic acid as a reducing agent defuses environment 
concerns arising from highly toxic reducing agents. The easily scaled-up preparation 
and chemical reduction are the most practical merits of this present method. By 
efficiently applying the synergistic effects of the constituent materials, the rGO-
PEDOT:PSS composite (rGO-PP 25) as supercapacitor electrode shows, greatly 
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intensified specific capacitance (249 F g
-1
) with appropriate mass loading (over 2.15 
mg cm
-2
), and better cycle life than pure graphene and PEDOT:PSS individually. 
Considering the potential practical applications in portable energy devices as part of 
an asymmetric supercapacitor, the binder-free rGO-PEDOT:PSS composite 
possesses the advantages of low cost, easy processability, scalable preparation, and 
greater environmental compatibility  than polyaniline or polypyrrole, and exhibits 
excellent energy storage performance. In the context of the present study, it is 
believed that the present convenient and large-scale method suggests an outstanding 
and practical way to prepare high-performance and low-cost composite electrode 
materials for energy storage device applications and a new route to binder-free 
electrode assembly.  
Note: A version of this chapter has been published and the citation of the paper is 
below.  
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CHAPTER 5: SELF-ASSEMBLED MULTIFUNCTIONAL 
HYBRIDS: TOWARDS HIGH PERFORMANCE GRAPHENE-
BASED ARCHITECTURES FOR ENERGY STORAGE DEVICES 
5.1 Introduction 
Recent developments on single-component carbon nanomaterials, such as one-
dimensional (1D) carbon nanotubes (CNTs) 
1-2
 and two-dimensional (2D) 
graphene,
3
 have paved the way to using these interesting materials in a broad range 
of devices and applications, ranging from biomedical implants 
2, 4-5
 to more 
sophisticated applications such as the energy-storage systems 
6-13
 needed to power 
up flexible, smart wearable garments 
11, 13-15
 and miniaturized electronic gadgets 
16-
18
. The strong direction-dependent properties of these materials, however, resulting 
from their very weak out-of–plane transport properties have necessitated exploring 
ways to extend their properties into the third dimension.
7-9, 19-22
 Addressing this 
challenge is, therefore, crucial to realize the hybrid high-performance 
multifunctional architectures required for numerous applications, including, but not 
limited to, energy-storage devices, integrated micro- and nano-electromechanical 
systems, and implantable biomedical devices.  
The integration of multi-component carbon-based materials has been utilized 
to address such challenges to some extent. The most prominent example is the use 
of carbon nanotubes as spacers in between graphene sheets to prevent them from 
restacking.
7, 9, 13, 21-24
 Such a three-dimensional (3D) network architecture can, in 
principle, promote the simultaneous enhancement of both mechanical properties 
22
 
and transport properties,
20-21
 although achieving these sorts of structures, in practice 
and not only in theory, with precise control over their functional domains is a 
challenging, if not impossible task. Chapter 4 precisely demonstrated that through 
simple control of the solvophobic self-assembly interactions inherent in liquid 
crystalline dispersions of ultra-large graphene oxide sheets,
22, 25
 such levels of 
control can be exercised to fabricate graphene-based hybrid composites with carbon 
nanotubes (CNTs),
7, 9
 metal-based compounds,
26-28
 and polymers, 
29
 leading to 
building blocks for cost-effective, high-capacity supercapacitor electrodes and 
hydrogen storage media. This suggests that with further improvements, these types 
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of composites could play a leading role in addressing one of the main sticking 
points for extending the intriguing properties of single-component carbon 
nanomaterials into multicomponent multi-dimensional 3D frameworks: a simple 
nanofabrication approach to the design of chemically and spatially tunable hybrid 
architectures for use as multifunctional architectures for a wide range of 
applications. 
In the present work, a simple, straightforward, liquid crystal mediated self–
assembly approach has been demonstrated, based on the interfacial coupling of liquid 
crystalline graphene oxide (LC GO), multi-walled CNTs (MWCNTs), and an 
amphiphilic conducting polymer (CP) [poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)] to fabricate 
unlimited lengths of multi-component 3D network architectures. The as-produced 
architectures exhibited unrivalled collective electrical, electrochemical, and 
mechanical properties, making them suitable building blocks to answer the 
immediate need for multifunctional architectures with superior properties for flexible 
integrated devices. The simple fabrication of this flexible hybrid composite results in 
an advanced interconnecting conductive network with favorable electrochemical 
performance and has great potential to be scaled up for large-scale energy storage 
device electrode preparation. 
5.2 Experimental methods 
5.2.1 Materials 
Liquid crystal graphene oxide was prepared by following our previously reported 
method.
7, 22, 25, 29
 A detail description of the preparation outlined in Chapter 3 section 
3.3. Carbon nanotube (CNT, Sigma, multi-walled, diameter between 6 and 13 nm) 
powder was functionalized and purified, employing concentrated HNO3 for 6 h to 
add carboxylic groups.
7, 9, 28
 Re-dispersible PEDOT:PSS pellets (Orgacon
TM
 DRY, 
produced by Agfa), Vitamin C, ethanol, poly(vinylidene difluoride) (PVDF), and 
activated carbon (AC) were purchased from Sigma-Aldrich and used as supplied.       
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5.2.2 Fabrication of self-assembled rGO-MWCNTs-PEDOT:PSS flexible 
composite  
To prepare a flexible reduced graphene oxide (rGO)-MWCNTs-PEDOT:PSS film, 
homogenous dispersions of MWCNTs and PEDOT:PSS were prepared via a simple 
amphiphilic self-assembly process.
7, 9, 29
 A given amount of functionalized MWCNTs 
were sonicated for 1 h using conventional bath sonication, followed by 1 h sonication 
in an ultrasonicator (Sonics, VC505) with maximum amplitude of 30%, forming a 
stable homogeneous aqueous dispersion. 50 mg liquid crystal (LC) graphene oxide 
(GO) dispersion (5 mg mL
-1
) was added and vigorously stirred for 24 h to disperse 
the CNTs homogeneously on the surfaces of the GO sheets. The size distribution and 
structural composition of MWCNTs after acidification with highly concentrated acid 
(2.6 M HNO3) at reflux condition and further sonication prior to attach with the GO 
have not changed significantly as well as the diameter and length of the 
functionalized MWCNTs remain similar to the purchased one as reported in our 
previous study.
7, 9, 28
  
Re-dispersible PEDOT:PSS was dissolved in the GO-MWCNT composite 
dispersion at a weight ratio of 1:1 with respect to GO for further fabrication of 
PEDOT:PSS with MWCNTs. The homogeneous dispersion was incubated at 40 °C 
for 24 h to ensure the π–π interaction of the polymer chains on the GO surfaces. The 
incubated dispersion was centrifuged and the excess PEDOT:PSS decanted to obtain 
MWCNTs-PEDOT:PSS to interact with the GO sheets as a liquid crystalline 
dispersion. Flexible GO-MWCNTs-PEDOT:PSS (GCNTPP) composite films were 
then prepared by casting the hybrid dispersion (5 mg mL
-1
) on a Teflon mold. 
Reduction of the oxygen functional groups on the GO sheets was performed by 
treating the flexible film with 0.1 M vitamin C solution at 80 °C for 8 h, and the 
sample was then washed with ethanol and dried for 12 h at 40 °C, forming the 
reduced rGO-MWCNTs-PEDOT:PSS (rGCNTPP). Varying amounts of MWCNTs 
(5, 10, and 15 wt%) were used with 50 mg LC GO to prepare three different 
composites, denoted as rGCNTPP 5, 10, and 15, respectively. The as-prepared 
rGCNTPP composites were cut into 1.5 cm × 1 cm in size to use directly as free-
standing working electrodes for testing in three-electrode system of which 1 cm × 1 
cm area of the free-standing rGCNTPP electrodes were dipped in electrolyte solution 
during the electrochemical analysis. The average mass of the rGCNTPP electrodes 
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used in the three-electrode system was around 0.93 to 1.0 mg cm
-2
. To assemble the 
asymmetric supercapacitor device, rGCNTPP10 composite paper was cut into 1.5 
cm
2
 round shape (mass ≈ 2 mg) to use directly as cathode. Activated carbon (AC) 
and PVDF were mixed in a mass ratio of 75:25 and spread on round stainless steel 
substrates (1.5 cm
2
) to prepare anodes for the supercapacitor devices. The mass of 
the active material (AC+PVDF) in an anode was ≈ 1 mg. 
5.3 Materials and electrochemical characterization  
The structural morphology of the as-prepared samples was studied by high-resolution 
transmission electron microscopy (HRTEM-JEOL F300) and field emission scanning 
electron microscopy (FE-SEM) (JEOL JSM-7500FA). Energy-dispersive X-ray 
spectroscopy (EDS) analysis and elemental mapping were conducted with a X-Flash 
4010 10 mm
2
, 127 eV SDD energy dispersive X-ray detector (Bruker, 
Massachusetts, USA), with a working distance of 10 mm, accelerating voltage of 20 
kV, and a spot size of 13. X-ray diffraction (XRD; GBC MMA) employing Cu Kα 
radiation (λ = 1.5406 Å, with operation at 40 keV and a cathode current of 20 mA) 
was also conducted. X-ray photoelectron spectroscopy (XPS) was conducted on a 
PHOIBOS 100 hemispherical analyzer with pass energy of 26.00 eV, 45° take-off 
angle, and a beam size of 100 mm. Fourier transform infrared (FT-IR) and 
ultraviolet-visible (UV-Vis) spectra were obtained using a AIM-8800 (Shimadzu, 
Japan) with the KBr pellet technique and a Shimadzu UV-3600, respectively. 
Thermogravimetric analysis (TGA) was conducted with a Mettler Toledo 
TGA/DSC1 under nitrogen atmosphere. The liquid crystalline nature of the LC GO 
and LC GO-MWCNTs-PEDOT:PSS dispersions were examined by polarized optical 
microscopy (POM, Leica CTR 6000). The specific surface area of the as-prepared 
composite films was determined by the Brunauer-Emmett-Teller (BET) method 
using a Nova 1000 gas sorption instrument. The rGCNTPP composites were cut to a 
size of 20×10 mm, dipped in 1 M H2SO4 for 1 h at room temperature, and dried for 4 
h at 50 °C, prior to being examined with the linear four-point-probe head of a 
JANDEL four-point-probe resistivity system (model RM3) to measure the surface 
conductivity at room temperature and 20 nA current. Sulfuric acid treatment at room 
temperature was only applied to the samples used for conductivity measurement to 
experience the similar conductivity effect during the electrochemical analysis (1 M 
H2SO4 used as electrolyte) of the composites. Electrochemical analysis was 
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performed at standard temperature and pressure (STP) on a VMP3 Bio-Logic 
electrochemical workstation with a three-electrode configuration in a beaker-type 
cell. An electrolyte solution of 1 M H2SO4, an Ag|AgCl reference electrode, and a 
platinum foil counter electrode were used within the potential range of 0 to 0.9 V. An 
aqueous asymmetric supercapacitor (ASC) was assembled in an ECC-Std 
electrochemical test cell (EL-cell) with similar electrolyte and a glass fiber separator. 
 
 The following equations from reports in the previous literature have been 
used to analyze the electrochemical performance 
30-34
 
𝐶s =
1
𝑚𝑣(𝑉𝑎−𝑉𝑐)
∫ 𝐼(𝑉)
0.9
0
𝑑𝑉       (5.1) 
Where Cs is the specific capacitance in a three electrode system, m is the mass of 
active material (rGCNTPP) (g), v the scan rate (mV s
-1
), I the current, and V the 
voltage, while (Va ˗ Vc) represents the potential window and the integrated area under 
the cyclic voltammograms. 
𝐶s =
1
𝑚±𝑣(𝑉𝑎−𝑉𝑐)
∫ 𝐼(𝑉)
1
0
𝑑𝑉       (5.2)   
 Here, Cs is the specific capacitance of a single electrode in the ASC cell; m± is the 
total mass of the cathode and anode electrodes in grams.  
𝐶T =
𝐼×∆𝑡
∆𝑉×𝑚±
         (5.3)  
𝐶s = 4 × 𝐶T          (5.4) 
Where I is the discharge current in Amperes, Δt, the discharge time in seconds, ΔV, 
the voltage change in the discharge process excluding the IR drop, m±, the total mass 
of both electrodes in grams, and CT is the total capacitance of the ASC cell. The 
multiplier of 4 adjusts the capacitance of the cell to the mass of a single electrode.  
Volumetric capacitance (F cm
-3
) of the free-standing ternary composite electrode was 
calculated based on the volume v (cm
3
) of the electrode according to the following 
formula: 
𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 =
𝐶s×𝑚
𝑣
       (5.5) 
Where Cs is the specific capacitance and m is the mass of electrode. 
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The energy density (E) and power density (P) of the assembled ASC device 
calculated from the following formula: 
𝐸 =
1
2
𝐶T(∆𝑉)
2/3.6         (5.6) 
𝑃 =
𝐸×3600
𝑡
          (5.7) 
Where CT, ΔV, and t are the total capacitance of the ASC device, the potential 
window (V) of the supercapacitor, and the discharge time (s) respectively.  
5.4 Results and discussion 
5.4.1 Fabrication of the self-assembled flexible ternary composite 
Amongst many self-assembling systems, by the virtue of their very own nature (their 
mobility at the molecular level while exhibiting their liquid crystalline (LC) state 
order at the same time), large mesogens are envisaged as unique primary candidates 
for matrix-guided molecular level self-assembly of nanomaterials.
9, 22, 35-38
 This, in 
practice, means that the programming of rich, architecturally-diverse, and complex 
structures through controlled decoration of liquid crystal mesogens with different 
materials in the solution phase is possible. Inspired by this idea, LC GO-CNT based 
composite formulations were introduced with interesting mechanical and energy 
storage properties,
7, 9, 22
 although such formulations have been limited to the 
chemistry of graphene oxide (i.e., they do not make use of the hydrophilic regions on 
graphene oxide, essentially leading to modest conductivities and electrochemical 
activities). Amphiphilic conducting polymers, such as PEDOT:PSS, however, can 
contribute to higher capacitance values by tapping into Faraday redox reactions. 
Moreover, if combined with hybrid LC GO-CNT formulations, they can occupy the 
vacant space on GO sheets while not disturbing the stability of the mesogens and 
forming aggregates, as the components are both physically and chemically joined 
(Figure 5.1). In addition, the flexibility of PEDOT:PSS makes it a very good 
geometrical fit, as it can easily wrap the entire architecture and impose selectivity on 
the resulting interactions. By controlling the ratio with respect to the initially 
decorated MWCNTs, it is then possible to influence the content of naturally 
anchored PEDOT:PSS on the LC GO sheet surface as a secondary material. The 
liquid crystal behavior of LC GO was utilized to induce liquid crystallinity in the 
CNT and conductive polymer (CP) dispersion through the addition of LC GO to the 
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CNT and CP dispersion. The superior amphiphilicity of ultra-large LC GO sheets not 
only facilitates the instantaneous surface assembly on the nanoscale of two different 
conductive materials, but also allows the entire architecture to remain stable in the 
liquid crystalline state. A graphical depiction of the processing is provided in Figure 
5.1. 
 
Figure 5.1: Graphical illustration of the self-assembly process. (a) Interaction of 
MWCNTs and PEDOT:PSS on ultra-large LC GO sheets, resulting in self-assembled 
layer-by-layer flexible electrodes. (b) Incubated dispersion of LC GO-MWCNTs-
PEDOT:PSS (b, i), and dispersion after centrifuging to decant the excess 
PEDOT:PSS to obtain the required composite dispersion (b, ii). Inset shows the 
proposed cross-sectional morphology of a multi-functional domain comprising 
MWCNTs and PEDOT:PSS stabilized on liquid crystalline graphene oxide sheets 
through π–π interaction and hydrogen bonding. 
Representative cross-polarized optical microscope (POM) micrographs of the 
GCNTPP dispersion in Figure 5.2 clearly show the birefringence typical of lyotropic 
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nematic liquid crystals, which is similar to that of bare LC GO. Large areas of 
uniform orientation with occasional defects were observed, indicating the full 
orientation of large mesogenic domains. The existence of such large mesogneic 
domains therefore facilitates the processing and casting of the final composition in 
basically unlimited sizes, which is crucial for any real-world application of these 
materials.  
 
Figure 5.2: Representative cross-polarized optical microscope images. (a) Aqueous 
LC GO shows a typical schlieren texture at a concentration of 2.5 mg mL
-1
. Even 
with the addition of varying amounts of MWCNTs and PEDOT:PSS to form (b) 
GCNTPP 5, (c) GNCTPP 10, and (d) GCNTPP 15, the structure still shows the 
typical optical behavior of liquid crystals at 5 mg mL
-1
 of composite dispersions, 
suggesting that the addition of both CNTs and the polymer could not disturb the LC 
behavior.  The as-prepared hybrid LC was then cast to achieve (e) a nacre-mimicking 
free-standing film (12 × 8 cm
2
 in size). 
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5.4.2 Materials analysis of the layer-by-layer ternary composite 
To observe the geometrical effects of the low-temperature chemical reduction route 
on the self-assembled 3D architectures and GO sheet morphology, cross-sectional 
FE-SEM and HRTEM microscopy were performed on the as-reduced architectures 
(Figure 5.3) and compared with the similar analysis of the as-prepared bare GO 
(Figure 5.4).  
 
Figure 5.3: Electron microscope images of the as-prepared hybrid architectures. 
Cross-sectional FE-SEM images of the rGCNTPP composites in low and high 
magnification (rows i and ii, respectively): (a) rGCNTPP 5, (b) rGCNTPP 10, and (c) 
rGCNTPP15, showing how the interlayer structure of the composites is influenced 
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by the various amounts of MWCNTs (marked with arrows in row ii and magnified 
images in row iii) and the natural assembly of covalently interacted PEDOT:PSS. 
The surface morphology of the composites obtained by FE-SEM (row iv, arrows 
indicate the MWCNTs) and HRTEM images (row v) of the corresponding as-
prepared composites reveals the architecture of the MWCNTs/PEDOT:PSS 
interacting with rGO sheets. 
 
Figure 5.4: (a) Cross-sectional FE-SEM image, (b) surface FE-SEM image, (c) TEM 
image of the as-prepared liquid crystals of graphene oxide. 
Cross-sectional FE-SEM images clearly showed no visible swelling after 
reduction, which is typical of hydrazine treated architectures and indicative of 
uniform and homogenous reduction of the final architecture. Furthermore, the 
electron microscope images demonstrate that the interacting MWCNTs and 
PEDOT:PSS are homogeneously distributed both on the surface of the rGO sheets 
and also in between the sheets, bridging them together (Figure 5.3) and thus creating 
a highly conductive 3D network architecture.  
 
Figure 5.5: Structural characterization and effects of chemical reduction of the as-
prepared rGCNTPP composites on the polymer integrity:  (a) FT-IR spectra of (1) 
rGO, (2) PEDOT:PSS and (3) rGCNTPP 5 composite and (b) . UV-Vis spectra of (1) 
PEDOT:PSS, (2) GC NTPP 5, (3) rGO, and (4) rGCNTPP 5 show the effects of the 
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chemical reduction of the as-prepared composites and the stability of the 
PEDOT:PSS. 
The presence of PEDOT:PSS in the final composite can be confirmed by the 
FT-IR spectra of rGO, PEDOT:PSS, and rGCNTPP composites. Compared with rGO 
and PEDOT:PSS, the rGCNTPP 5 composite shows the characteristic peaks of 
PEDOT:PSS in Figure 5.4 (a). Peaks at 979, 834, and 687 cm
-1
 can be assigned to the 
C‒S bond of the thiophene ring in PEDOT. The bands at 1200, 1095, and 1034 cm
-1 
are ascribed to stretching modes of the alkylenedioxy group.
39
 Vibrations below 600 
cm
-1
, the S=O vibration near 1200 cm
-1
, and the O‒S‒O signal at 1034 cm
-1
 are 
identical to those for the sulfonic acid group of the PSS chain.
40
 The following 
results compared with the pure PEDOT:PSS spectra certainly prove the presence and 
structural stability of interlayer nano-assembled PEDOT:PSS in the rGCNTPP 
composites. The UV-Vis spectra of the as-prepared rGCNTPP composites compared 
with rGO, PEDOT:PSS, and GCNTPP (Figure 5.4 b) reveal the stability of the 
PEDOT:PSS after chemical reduction. The characteristic absorption peaks for 
MWCNTs and PEDOT:PSS at 200 and 225 nm, respectively, are noticeable before 
and after chemical reduction of the composites.
7
 No superfluous absorption peaks are 
obtained, and the peak at 227 nm for GO is shifted to 265 nm as deoxygenation takes 
place, suggesting that the electronic conjugation is restored.
29
 
 
Figure 5.6: Elemental mapping images of carbon (C) and sulfur (S) in the rGCNTPP 
composites. The uniformly distributed sulfur in the elemental mapping images of the 
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rGCNTPP composites clearly indicates the homogeneous distribution of 
PEDOT:PSS in the layered structure. 
Table 5.1: Atomic percentage compositions of the as-prepared rGCNTPP 
composites from EDS analysis. 
Material C (at. %) O (at. %) S (at. %) PEDOT:PSS content (%) 
PEDOT:PSS 69.75 22.71 7.54 100 
rGO 76.49 23.51 0 0 
rGCNTPP 5 79.12 19.69 1.51 20.02 
rGCNTPP 10 81.09 17.72 1.19 15.78 
rGCNTPP 15 82.03 17.29 0.68 
9.02 
The as-prepared ternary rGCNTPP composites contain different amounts of 
PEDOT:PSS on the MWCNTs that are decorated on the chemically reduced GO 
sheet surfaces. The contents of PEDOT:PSS were determined by EDS spectroscopy 
of the film (Figure 5.6) and are listed in Table 5.1. By comparing the existing sulfur 
atom ratio in commercial PEDOT:PSS and in the as-prepared composites, the total 
PEDOT:PSS content in the rGCNTPP composites were calculated. According to the 
results, it can be briefly stated that an increased amount of MWCNTs influences the 
polymer content in a negative way. The highest amount of PEDOT:PSS, 
incorporation of 20%, is observed in the rGCNTPP 5 composite, and the amount 
decreases to 16 and 9% for rGCNTPP 10 and rGCNTPP 15, respectively. The atomic 
percentage of C noticeably increases with an increasing amount of carbon-rich 
MWCNTs in the composite. As the PEDOT:PSS is attached to the MWCNT 
decorated GO sheets, a very thin polymer layer can influence the appearance of 
interlayer CNTs. Small amounts of MWCNTs (5 wt%) leave comparatively more 
functional space on the GO sheet surface and allow the interaction of more 
PEDOT:PSS on it, making the MWCNT network less visible (Figure 5.3a-b). 
Whereas, a higher ratio of MWCNTs (15 wt%) decreases the interacting 
PEDOT:PSS content and makes the MWCNT network more visible (Figure 5.3c). 
High resolution TEM images reveal the homogeneous distribution of MWCNTs in 
the PEDOT:PSS on the GO layers (Figure 5.3a-c (v)). 
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Table 5.2: Elemental compositions of the as-prepared rGCNTPP composites 
obtained from XPS analysis. 
Material C (at. %) O (at. %) S (at. %) PEDOT:PSS content (%) 
PEDOT:PSS 69.61 22.76 7.63 100 
rGO 77.42 22.58 0 0 
rGCNTPP 5 79.63 18.84 1.53 20.03 
rGCNTPP 10 81.35 17.43 1.22 15.99 
rGCNTPP 15 82.47 16.84 0.69 9.04 
Table 5.3: Composition of the rGCNTPP composites. 
Samples PEDOT:PSS (%)
a
 MWCNTs (%)
b
 rGO (%)
c
 
rGCNTPP 5 20.03 (26:74) 4 75.97 
rGCNTPP 10 15.99 (26:74) 8.4 75.61 
rGCNTPP15 9.04 (26:74) 13.61 77.35 
  
a 
calculated from the XPS analysis. 
b,c
 calculated by consideration of the 
ternary components in final composition. 
The elemental composition and the PEDOT:PSS content in the rGCNTPP 
composites were also evaluated by XPS analysis (Figure 5.7, Table 5.2 and Table 
5.3). The core level C 1s XPS spectra (Figure 5.7a) reveal several carbon groups in 
PEDOT:PSS such as C=C at 284.1 eV, C-C at 285.3 eV, C-S at 286.5 eV, and C-O-
C/C=O at 288.3 eV. The peaks were slightly shifted for the composites in Figure 5.7 
b-d and reveal four peak components with binding energies  at about 284.4, 285.5, 
286.6, and 287.5 eV, which can be assigned to the C=C, C-C, C-S, and C-O/C=O/O-
C=O species, respectively.
29, 41-42
 This is due to the electron contribution of 
PEDOT:PSS to the reduced graphene oxide surface through the strong π–π 
interaction.
42
 Comparing with the LC GO (Figure 5.7c) the oxygen ratio was 
decreased to one third of the carbon ratio as an effect of chemical reduction, although 
certain amounts of oxygenated groups are still present.
25
 Moreover, with increasing 
CNT content in the composites, the significant decrease in the C-S bond ratio from 
1.53% (rGCNTPP 5) to 0.69% (rGCNTPP 15) indicates a similar change in the 
amount of interlayer PEDOT:PSS to that revealed by EDS analysis. The S 2p signal 
intensity of the rGCNTPP composites compared to rGO and PEDOT:PSS (Figure 
5.7e) strongly indicates that the amount of sulfur-containing PEDOT:PSS decreases 
significantly with increased MWCNT content. The high resolution S 2p spectra of 
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rGCNTPP 5 (Figure 5.7f) can be deconvoluted into peak at 165 eV for the sulfur 
atom of PEDOT and peak at 169.1 eV for the sulfur atom of PSS which represents 
the ratio of PEDOT:PSS (26:74) in the rGCNTPP composites.
29, 41
 This analysis 
evidenced that the centrifugation and low temperature reduction doesn’t change the 
ratio of PEDOT to PSS and remain same like the commercial PEDOT:PSS (27:73) 
obtained by similar technique. 
 
Figure 5.7: XPS core level C 1s spectra of (a) PEDOT:PSS, (b) rGCNTPP 5, (c) 
rGCNTPP 10, and (d) rGCNTPP 15 composites; and (e) survey spectra of (1) rGO, 
(2) PEDOT:PSS, (3) rGCNTPP 5, (4) rGCNTPP 10, and (5) rGCNTPP 15, revealing 
the residual oxygen content in the composites along with the presence of sulfur in 
PEDOT:PSS. The S 2p signal intensity decreases with increasing amounts of 
MWCNTs in the composites and indicates a decrease in the effects of PEDOT:PSS; 
(f) high resolution S 2p XPS of rGCNTPP 5 represents the ratio of PEDOT and PSS 
in the final composite.    
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Moreover, the introduction of such ternary architectures leads to increased 
broad d-spacing and pore sizes in the final architecture, ranging from 5.4 to 8.6 Å 
(Figure 5.8). Such an expansion in the distance between the neighboring layers can 
improve the accessibility of interlayer spacing, as it is on the order of the charge 
separation, suggesting the possibility of the complete use of electric double layer 
capacitance within the system in conjunction with pseudocapacitance.
11
 
 
Figure 5.8: Structural characterization of as-reduced layer-by-layer 3D architecture. 
(a) XRD patterns of as-prepared flexible composites: (1) rGO, (2) rGCNTPP 5, (3) 
rGCNTPP 10, (4) rGCNTPP 15; and (b) XRD spectrum of commercial PEDOT:PSS 
film obtained by solution casting. 
In considering the layered structure of rGO, the ternary composites present distinct 
structural changes as an effect of the interlayer nano-assembled components, as 
shown in Figure 5.8(a). The XRD pattern of the as-prepared rGO shows a 
characteristic peak at 23.80°, corresponding to a d-spacing of 3.73 Å for typical rGO 
sheets.
29
 The introduction of 5, 10, and 15% MWCNTs into the composites along 
with the PEDOT:PSS downshifts the characteristic peak of rGO to 16.57, 14.6, and 
13.8°, respectively, which is analogous to d-spacing of 5.35, 6.06, and 6.41 Å, 
representing the distances between neighboring composite layers. Small amounts of 
MWCNTs allow greater interaction with PEDOT:PSS, which increases the self-
assembled graphene oxide sheet thickness and affects the interlayer d-spacing. The 
characteristic peak of rGO content in the rGCNTPP composites is broad, due to the 
impact of the PEDOT:PSS content in the composites and its characteristic peaks at 
16° and 25° (Figure 5.8b). 
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The interlayer nano-assembly of MWCNTs-PEDOT:PSS prevents the 
restacking of graphene sheets in the rGCNTPP composites. Furthermore, the 
simultaneous decoration of MWCNTs and PEDOT:PSS polymer chains takes place 
prior to the self-assembly of the graphene oxide sheets in the layer-by-layer growth 
of the structure (Figure 5.1), where it plays a very crucial role in separating the layers 
and providing higher specific surface area as a flexible 3D architecture (Figure 5.9 
and Table 5.4). The study has provided evidence that with the insertion of more 
MWCNT content, the amount of PEDOT:PSS decreases, which may leave more 
interlayer space vacant in the layered architecture and provide higher specific surface 
area.  
 
Figure 5.9: (a) Nitrogen adsorption-desorption isotherms and (b) multipoint BET 
graph of rGCNTPP 10 composites. The specific surface area of the composite was 
calculated from the BET equation by using the slope of the straight line.     
Table 5.4: Comparison of specific surface areas of rGCNTPP composites and rGO 
prepared in this study, obtained by N2 adsorption (BET method). 
Composite Surface area (m
2
 g
-1
) 
rGO 93 
rGCNTPP 5 216 
rGCNTPP 10 278 
rGCNTPP 15 291 
The naturally interacting interlayers of MWCNTs-PEDOT:PSS have an 
impact on the thermal stability of the composites, as shown in Figure 5.10. The mass 
loss between 100-200 °C is due to the pyrolysis of the residual oxygen-containing 
groups and volatilization of water involved in the π-π interaction.
43
 The as-prepared 
Chapter 5. Self-assembled multifunctional hybrids: Towards developing high-performance graphene-
based architectures for energy storage devices 
148 
 
composites show better thermal stability than rGO, with major degradation starting at 
temperatures over 250 °C due to the PEDOT:PSS content. Increasing the amount of 
MWCNTs affects the content of PEDOT:PSS and hence, the thermal stability of the 
as-prepared composites. According to the EDS and XPS analysis, the rGCNTPP 5, 
10, and 15 composites contain 20, 16, and 9% PEDOT:PSS, respectively. This can 
be correlated and compared with the weight loss of rGO, PEDOT:PSS, and the 
composites at 700 °C. The thermal stability of rGO and the rGCNTPP 5, 10, 15 
composites results in 79, 70, 74, and 76% weight loss correspondingly, which may 
be due to the strong interaction of the 20, 16, and 9% PEDOT:PSS on the MWCNTs 
that are decorated on the rGO sheets and the 56% degradation of the adsorbed 
PEDOT:PSS at 700 °C.  
 
Figure 5.10: TGA analysis of the rGCNTPP composites compared with rGO and 
PEDOT:PSS in argon. 
5.4.3 Mechanical performance of the layer-by-layer ternary composite 
A conducting polymer (CPs) is basically a charged backbone where the band 
structure of the π-electron system of the polymer allows the formation of charge-
transfer complexes with oxygen, which cause the polymer chains to become unstable 
and mechanically weak,
44
 whereas the graphene oxide layers are more stable and 
provide excellent flexibility in the stacked film form.
11, 25
 Simple solution mixing of 
CP and GO directs the insertion of CPs into the graphene oxide layers without any 
chemical interaction. In this kind of structure, flexible GO layers are separated by 
unstable and mechanically rigid CP layers, resulting in interruption to the natural 
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mechanical nature of GO film. For this reason, the combination of CPs with 
graphene oxide can certainly decrease the mechanical performance of the composite. 
Moreover, increasing the CP content effectively increases the thickness of the CP 
layers and continues this degradation of mechanical properties. 
 
Figure 5.11: Stress-strain curves of rGCNTPP 5, rGCNTPP 10, and rGCNTPP 15 
composites. 
  In the aforementioned study (Chapter 4), a controlled amount (25, 50 and 
75%) of PEDOT:PSS was used and mixed mechanically with graphene oxide to 
prepare binder-free composite electrode.
29
 Without any chemical interaction between 
the graphene oxide and the PEDOT:PSS, the polymer chains act as independent π–
conjugated structures and  are naturally unstable as a pure charged backbone in the 
composite. For this reason, the rGO-PP composites become less flexible compared to 
rGO film and more rigid with increasing PEDOT:PSS content, which causes poorer 
mechanical performance than for chemically reduced graphene oxide film. The 
aggregate-free nature and self-assembly properties of our present composites have 
enabled us to obtain an ultra-strong layered 3D architecture.
7
 As reported by Rouff et 
al., excellent mechanical properties can be achieved by the ordering and alignment of 
fibrils/macromolecules.
45
 Compared to multidirectional oriented composites prepared 
by traditional casting or filtration
46-47
, the liquid crystalline route and homogeneous 
nano-assembly of MWCNTs – conductive polymer (CP) in our rGCNTPP 
composites provide us with a self-mediated ordered periodic assembly, resulting in 
better mechanical strength compared to rGO and similar reported graphene-based 
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composites. The mechanical performance is proportional to the amount of 
MWCNTs. The nano-engineered flexible rGCNTPP composites showed satisfactory 
mechanical performance compared to rGO and the reported flexible composite 
electrodes (Figure 5.11 and Table 5.5). 
Table 5.5: Mechanical properties of the free-standing rGCNTPP composite films 
(thickness: 8-11 µm). 
Composite 
Young’s 
modulus 
(GPa) 
Tensile 
Strength 
(MPa) 
Break 
elongation (%) 
Toughness
*
 
(MJ m
-3
) 
Ref. 
rGCNTPP 5 23.6 217 6.8 5.4 Present report 
rGCNTPP 10 26.1 252 7.5 7.3 Present report 
rGCNTPP 15 29.2 287 7.9 9.1 Present report 
rGO 12.1 119   -- 
PEDOT:PSS 3.8 27   -- 
rGO/PANI  12.6   
48
 
 
rGO/PVP 9.5 ± 0.8 121.5 ± 10.8   
49
 
PPy 
nanofibre/Graphene 
2.1 35   
50
 
GO/SWCNT 51.3 505 9.8  
22
 
SWCNT/PTS 2.0 ± 0.3 15 ± 6  0.05 ± 0.03 
51
 
GO/PPA 33.3 ± 2.7 91.9 ± 22.4   
52
 
LBL MWCNTs 
nanocomposite 
4.5 ± -0.8 150 ± 35   
53
 
LBL PVA/MTM/GA 
nanocomposite 
106 ± 11 400 ± 40   
54
 
Graphene paper 
Prepared by vacuum 
filtration 
41.8 293.3   
47
 
 Toughness of the composites was calculated by using the formula: U = Eε2/2, where E is the 
Young’s modulus and ε is the strain.  
5.4.4 Electronic conductivity of the layer-by-layer ternary composite 
All hybrid composites fabricated by the method described here demonstrated 
exceptional conductivity, with the best of them exhibiting a native conductivity of ~ 
38700 ± 7987 S m
−1 
(Table 5.6), which is two orders and one order of magnitude 
higher than for previously reported PEDOT:PSS paper (100 S m
−1
), our previous 
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report on LC GO/SWCNT hybrids (1500 S m
-1
), and
 
rGO paper (3280 S m
−1
), 
respectively. It is also even much higher than for polyaniline (PANI) reinforced 
graphene nanoribbon-CNT hybrids (18000 S m
−1
), MWCNT reinforced PANI 
(33100 S m
−1
), different types of bucky papers (22000 S m
−1
), and the best of the 
rGO-CNT papers (36000 S m
−1
). This can be explained by the high alignment of 
rGO sheets, the individual dispersion of MWCNTs, and the complete wrapping of 
both rGO and MWCNTs by PEDOT:PSS in the final architecture. Additionally, 
ascorbic acid during the redox reaction 
55
 and sulfuric acid at room temperature 
56
 
play a very important role in the transformation of the benzoid structure of the 
PEDOT backbone to the quinoid structure to experience excellent electrical 
conductivity. For MWCNT content higher than 10 wt%, however, some occasional 
aggregation and agglomeration of MWCNTs can be observed (Figure 5.3c) which 
interrupt the π–π interaction of PEDOT:PSS on GO surface,  interfering with the 
conductive polymer layer it decrease the conductivity of rGCNTPP composite. 
Moreover these levels of agglomeration, although they cannot disturb the stability of 
the LC dispersion, can have a detrimental effect on the conductivity, as the 
interlocking of MWCNTs within the structure increases the overall resistivity of the 
materials. Due to this effect the conductivity of rGCNTPP 15 decreases to ~ 26900 ± 
5631 S m
-1
 (Table 5.6). MWCNTs, as very strong direction-dependent conductors, 
are known to conduct electricity through their length, and as such, they are unable to 
afford out-of-plane electron conduction. Therefore, any interlocking and 
agglomeration of MWCNTs at an angle to their length can effectively only result in 
an increase in resistivity. It was therefore found that there is an optimum ratio of 
PEDOT:PSS to MWCNTs resulting from the interplay among all three materials that 
allows for higher conductivity.  
Table 5.6: Conductivity of the rGCNTPP composites compared to similar flexible 
composites for energy storage application. 
Composites Conductivity*  Ref. 
rGCNTPP 5 (rGO/MWCNT/PEDOT:PSS) 321 ± 70 S cm
-1
 Present study 
rGCNTPP 10 (rGO/MWCNT/PEDOT:PSS) 387 ± 79.87 S cm
-1
 Present study 
rGCNTPP 15 (rGO/MWCNT/PEDOT:PSS) 269 ± 56.31 S cm
-1
 Present study 
rGO/PANI 15 Ω sq
-1
 
57
 
rGO/PVP 2.479 S cm
-1
 
49
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PPy nanofibre/Graphene 142.08 S cm
-1
 
50
 
SWCNT/PTS bucky paper 220  ± 60 S cm
-1
 
51
 
GN-PPy/CNT 15.3 S cm
-1
 
58
 
GNR-CNT/PANI 180 S cm
-1
 
59
 
MWCNT/PANI 331 S cm
-1
 
60
 
Crystalline PANI/rGO film 906 S cm
-1
 
61
 
rGO-CNT (6:1) paper 360 S cm
-1
 
62
 
rGO fibre 2.80 S cm
-1
 
63
 
SWCNT/PANI 1138 S cm
-1
 
64
 
Graphene/PEDOT hydrogel 0.73 S cm
-1
 
65
 
LC GO/SWCNT 150 S cm
-1
 
22
 
rGO paper 32.8 S cm
-1
 -- 
PEDOT:PSS paper 1 S cm
-1
 -- 
*The conductivity value of the rGCNTPP composites represents in the unit of S cm-1 to better understand the 
comparison with the previously reported materials. 
Such attributes also manifested themselves in the mechanical properties 
measured for our as-prepared architectures (Figure 5.11 and Table 5.5). The best 
graphene-based hybrid composite’s Young’s modulus (~ 29.2 GPa) outperformed 
those of all other previously reported GO and rGO based fibers, and was found to be 
even higher than for our previously reported cross-linked GO and rGO-based fibers, 
such as GO fibers coagulated in chitosan (~ 22.6 GPa) and CaCl2 (~ 20.1 GPa), and 
pure GO fibers coagulated in acetone (~ 20.5 GPa). 
11, 63, 66-67
 Our average Young’s 
modulus is also considerably higher than those reported for bucky papers, 
51
 paper-
like materials based on vermiculite, 
68
 flexible graphite foil, 
69-70
 and layer-by-layer 
assembled MWCNT nanocomposites 
53
, and just inferior to our previously reported 
SWCNTs/rGO hybrids.
22
 This represents a massive impact generated by the natural 
interaction between graphene oxide sheets with MWCNTs and further π-π interaction 
of PEDOT:PSS with the remaining functional groups of graphene oxide. The strong 
π-π interaction between GO and PEDOT:PSS makes the π-electron system of 
PEDOT:PSS more stable, 
71
 keeps the polymer backbone smooth, and provides 
overall stability to the polymer layer on the graphene oxide surface. It helps the 
rGCNTPP composite to become more flexible than rGO film. Above all, the 
homogeneously decorated interlayer MWCNTs act as a very strong flexible support 
for the layer-by-layer structure. All these synergistic effects give this rGCNTPP 
ternary composite a mechanically robust structure. The higher degree of hydrogen 
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bonding within the structure, due to the acidic condition in which the reduction 
process was performed, results in stronger interactions between rGO sheets. 
Moreover, the presence of PEDOT:PSS contributes to more adsorption of moisture 
from ambient atmosphere resulting in more pronounced hydrogen bonding and 
higher levels of stiffness and toughness. This is a by-product of the highly charged 
surface profile of each layer, contributing to the alignment and structuring of 
interfacial water and a more highly structured hydrogen bonding network.
72-73
 In 
terms of ultimate stress, our average ultimate stress was also considerably higher 
than for all those other paper-like architectures and was inferior to that in our 
previous report on LC GO/SWCNTs 
22
 and graphene paper prepared by vacuum 
filtration 
47
. Nevertheless, by the measure of overall mechanical performance, the 
toughness of our as-prepared architectures was found to be higher than for all of the 
other carbon and polymer-based architectures reported here, due to the very high 
elongation at breaking of our hybrid composites, which was only lower than for LC 
GO/SWNTs. 
22
  
5.4.5 Capacitive performance of the free-standing ternary composite electrode 
The high mechanical stability and interesting electrical conductivity of our as-
prepared rGCNTPP composites make them potentially highly suitable for a range of 
different applications, including large-area electronics and structural multifunctional 
composite applications. Moreover, for application as supercapacitors, the mechanical 
stability of these materials means that they can be used in the form of paper 
electrodes that can simultaneously act as both the current collector and the active 
material. As a proof of concept, a range of different electrodes and corresponding 
devices were fabricated to evaluate the capacitance performance of the hybrid 
architectures, most importantly from the electrochemical performance revealed by 
their cyclic voltammograms (CV) response at 5 mV s
-1 
(Figure 5.12). Preliminary 
electrochemical studies using a three-electrode configuration set-up demonstrated the 
excellent capacitive properties of the self-assembled rGCNTPP composites. 
Chapter 5. Self-assembled multifunctional hybrids: Towards developing high-performance graphene-
based architectures for energy storage devices 
154 
 
 
Figure 5.12: Electrochemical performance of rGCNTPP composites in a three 
electrode system: (a) comparison of cyclic voltammograms of rGO, PEDOT:PSS, 
and rGCNTPP composites at 5mV s
-1
; (b) effects of PEDOT:PSS content on the 
specific capacitance of the as-prepared composites at 5mV s
-1
; (c) variation of the 
specific capacitance at different scan rates; and (d) cyclic voltammograms of 
rGCNTPP 10 composite at different scan rates. 
Cyclic voltammograms of rGO, PEDOT:PSS, and the rGCNTPP composites 
at 5 mV s
-1
 are presented in Figure 5.12(a). At the same scan rate, there is significant 
current separation in the as-prepared composites compared to rGO and PEDOT:PSS, 
demonstrating the substantial influence of the MWCNTs-PEDOT:PSS conductive 
network on the chemically-reduced graphene oxide layered composites. The almost 
rectangular cyclic voltammograms of rGO have been slightly distorted and 
significantly enlarged for the different rGCNTPP composites, which can be 
attributed to the π-π interaction of MWCNTs and PEDOT:PSS on the graphene 
sheets. Using Equation (5.1), the specific capacitances (Cs) from the CVs at 5 mV s
-1
 
were calculated and plotted against the PEDOT:PSS content to further highlight the 
synergetic effect of MWCNTs and PEDOT:PSS in various ratios between the final 
composite layers (Figure 5.12b). Increasing the amount of MWCNTs decreases the 
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content of interlayer nano-assembled PEDOT:PSS and has an impact on the overall 
electrochemical performance of the composite.  
Small amount of MWCNTs (5%) allow more PEDOT:PSS interaction (20%) 
on the rGO-CNT network which results high conductivity (32100 S m
-1
) but this 
certain amount of polymer interaction make the ion conductive channels narrower 
(evidenced by the XRD) thus partially hinder the electrolyte ion transportation 
throughout the electrode surface, 
74
 decrease the charge transport as well as charge 
storage capacity and a specific capacitance of 593  F g
-1
 can be observed. The ion 
transport is enhanced in rGCNTPP 10 with 10% MWCNTs and 16% PEDOT:PSS. 
This particular ratio of MWCNTs to PEDOT:PSS represent the most suitable 
combination for facilitating the depletion of graphene sheets agglomeration, spacing 
between the successive graphene layers which assist abundant space to fabricate 
PEDOT:PSS coated superfast conductive network (38700 S m
-1
) by continuous ion 
passing and an increase of effective surface area for provision of huge charge storage 
facility. All these properties reinforce the synergistic effects of the components, so 
that they provide the layer-by-layer architecture with continuous conductive channels 
of MWCNTs-PEDOT:PSS on rGO support that lead to a highly conductive advanced 
specific surface area for higher specific capacitance of 657  F g
-1
 compared to 
rGCNTPP 5. 
On the other hand, the rGCNTPP 15 composite with the highest amount of 
MWCNTs (15%) experience intermittent self-agglomeration and provides the least 
functional space for PEDOT:PSS, and leading to only 9% PEDOT:PSS interaction 
on rGO surface. This agglomerated MWCNTs and discontinuous π–π interaction of 
PEDOT:PSS form an improper interlayer conductive network with rGO (26900 S m
-
1
). Though MWCNTs inhibit the restacking of graphene sheets and results a bit 
higher specific surface area of rGCNTPP 15 compare to others but due to the 
insufficiency of conductive PEDOT:PSS continuous layer with rGO-MWCNTs 
network, the performance of the composite as an charge storage and charge 
transportation network drops down. Hence rGCNTPP 15 features less capacitive and 
less conductive rGO/MWCNTs/PEDOT:PSS scaffolding compared to former, 
displaying specific capacitance of 561 F g
-1
. 
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To clarify the electrochemical consistency of the self-assembled rGCNTPP 
3D architectures, a scan rate study have carried out (Figure 5.12c), which can be 
directly correlated with the power capability of the electrode. At higher scan rates, 
electrolyte ions do not get sufficient time to occupy all the available sites for charge 
storage, and there is an expected reduction in specific capacitance with increasing 
scan rate. Higher scan rates also affect the capacitance due to the effect of low 
resistivity between the electrolyte and the free-standing electrodes.
57
 This is 
evidenced by the greater distortion in the shape of the cyclic voltammograms (Figure 
5.12d) and the drop in capacitance at higher scan rates (Figure 5.12c). 
The rGCNTPP 10 composite showed the best performance, with a high 
specific capacitance of 657 F g
-1
 at 5 mV s
-1
 and 436 F g
-1
 at 100 mV s
-1
. This is a 
10-fold increase as compared to rGO, 7-fold as compared to PEDOT:PSS, and 8-fold 
as compared to MWCNTs 
7
, making it the highest amongst the 
GO/CNTs/PEDOT:PSS systems (Table 5.7). Moreover, these additive-free hybrid 
composites demonstrated volumetric capacitance of up to 761 F cm
-3 
at 5 mV s
-1
, 
presenting an almost three-fold increase over the best volumetric capacitances of 
carbon-based electrodes (Table 5.8).
15, 72, 75-77
 The results clearly show that these 
hybrid materials exhibit outstanding capacitive performance, both volumetrically and 
gravimetrically.  
Table 5.7: Specific capacitance of as-prepared rGCNTPP 10 composite against 
previous reports on graphene/CNTs/conductive polymer (CP) composites in different 
systems. 
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Composite Mass 
Voltage 
window 
(V) 
Electrolyte 
Specific 
capacitance 
(F g-1) 
Energy 
density 
(Wh kg-1) 
Power 
density 
(kW kg-1) 
Ref. 
Two electrode system 
rGCNTPP 10 
(Solution cast) 
0.95 
mg/cm2 
0–1 1 M H2SO4 
364 @ 5 mV s-1 
318 @ 1 A g-1 
11.4 0.145 
Present 
work 
Graphene/CNT/PANI 
(Electro polymerisation) 
0.4 
mg/cm2 
0–1/0–4 1 M KCl 271 @ 0.3 A g-1 188.4 2.7 78 
rGO/PVP 
(Drop casting on scotch tape) 
 0–1 
1.5 M 
TEA-BF4 
168 @ 1 A g-1   49 
PEDOT/A-CNTs/Graphene 
(In situ polymerization) 
 0–4 
2 M BMIBF4/ 
propylene 
81.6 @ 0.2 A g-1 176.6 233 79 
rGO/PPy 
(In situ polymerization) 
1.3 
mg/cm2 
0–1.6 1 M Na2SO4 248.8 21.4 0.453 
80 
sGNS/cMWCNT/PANI 
(In situ polymerization) 
1.6 
mg/cm2 
0–1.6 1 M H2SO4 75 @ 1 A g
-1 20.5 25 81 
SRGO 
(Thermal treatment) 
 -0.3–0.3 PVA-H2SO4 140 @ 1 A g
-1   82 
CNT-PPy sponge 
(Electro polymerization) 
 -0.45–0.45 2 M KCl 335 @ 2 mV s-1   83 
MWCNTs-PANI 
(Electro polymerization) 
1.41 
µg/cm2 
-0.2–0.8 PVA-H3PO4 233 @ 1 A g
-1   60 
3D RGO/PANI 
(In situ polymerisation) 
 0–1 1 M H2SO4 385 @ 0.5 A g
-1   84 
MWCNTs/PPy/rGO/NWF 
(In situ polymerisation) 
 -0.5–0.5 1 M KCl 319 @ 1 mV s-1   85 
EVPP-PEDOT 
(Vapor phase polymerisation) 
1 µg/cm2 0–1/0–2 
6M KCl/ 
1 M TBAH 
175 @ 5 mV s-1 2.4 3.6 86 
Three electrode system 
rGCNTPP 10 
(Solution cast) 
0.95 
mg/cm2 
0–0.9 1 M H2SO4 657 @ 5 mV s
-1 
Present 
work 
rGO-MWCNTs 
(Solution cast) 
1 mg/cm2 -0.2–0.5 1 M H2SO4 251 @ 5  mV s
-1 7 
GO-PEDOT:PSS-CNT 
(Solution cast) 
0.3 mg -1–1 6 M NaNO3 365 @ 1 mV s
-1 87 
RGO-PEDOT 
(In situ polymerization) 
2 mg -0.4–0.6 1 M H2SO4 108 @ 0.3 A g
-1 74 
Graphene/PEDOT 
(Microwave-assisted) 
 -0.2–0.8 1 M H2SO4 270 @ 1 A g
-1 39 
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Table 5.8: Volumetric capacitance of the as-prepared rGCNTPP 10 composite in 
comparison with different carbon-based electrode materials. 
Composite 
Electrode thickness 
(µm) 
Potential Window 
(V) 
Volumetric capacitance 
(F cm-3) 
Ref. 
rGCNTPP 10 8.2 0–1 761 @ 5 mV s-1 Present work 
Titanium carbide 5 -0.3–0.3 910 @ 2 mV s-1 75 
Compressed a-MEGO 57 0–3.5 110 @ 100 mV s-1 76 
VArGO 270 -0.1–0.7 171 @ 0.5 A g-1 77 
Compact EM-CCG film 25 0–1 261.3 @ 0.1 A g-1 10 
 
Soft self-assembly of two electric double layer capacitive (EDLC) materials 
along with a pseudocapacitive material in a ternary composition developed the 3D 
architecture immensely porous as well as highly conductive and both of its 
synergistic behavior is a possible explanation for the phenomena described in our 
work. All these properties allow for enhanced penetration of the electrolyte ions 
throughout the entire surface of electrodes, which is observed in the shape of the CV 
curve at high scan rates (Figure 5.12). The XRD analysis (Figure 5.8) evidences that 
the natural assembly of MWCNTs on graphene sheets and further π–π interaction 
with PEDOT:PSS, results in an increased spacing between the successive graphene 
layers. On their own, such graphene sheets would otherwise agglomerate, leaving 
insufficient space for electrolyte penetration and result poor capacitance (Figure 
5.12). The MWCNTs and the PEDOT:PSS act as highly conducting pathways for 
electron movement, but more importantly, MWCNTs inhibit the restacking of the 
graphene sheets, increase the effective surface area for enormous charge storage and 
open incredibly large number of ion exchange channels (Figure 5.3) which are 
delicately interacted with highly conductive PEDOT:PSS performing as a super-fast 
ionic network (evidenced by conductivity analysis) during the energy storage 
application. It has been recently shown in a theoretical study that the addition of 
nanotubes with a radius smaller than 20 nm improves the electrochemical driving 
force for electron transfer, resulting in an increase in the double layer capacitance.
88
  
CNTs of such size are potentially also responsible for the altered kinetics of the 
modified electrodes, which is most pronounced in the cases where the tubes are not 
entangled or bundled, such as in our case. Moreover the naturally engineered 
pseudocapacitive PEDOT:PSS layer significantly boosted the charge storage and 
transport ability of the interlayer ionic channels created from rGO and MWCNTs in 
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the rGCNTPP 3D architectures.
86
 As such, the observed enhancement shown in our 
work is directly related to not only how the addition of the MWCNTs and 
PEDOT:PSS functionalization affect the spacing of the graphene layers, but also the 
way that they are respectively dispersed, their π–π interaction on the surface, 
maximized interaction of highly conductive three-dimensional network to 
electrolytes and potential contribution on fast surface redox reactions due to the 
small size of electrolyte ions compared to the interlayer spacing between neighboring 
sheets (Figure 5.13) results in the overall synergistic effect towards enhancing the 
conductivity and capacitance of the system. Such capacitive performance in 
conjunction with their excellent electrical and mechanical properties makes these 
architectures ideal candidates for applications in wearable energy conversion and 
storage, as they satisfy all the requirements for such systems, allowing the integration 
of graphene in supercapacitor devices. 
13
 
5.4.6 Performance of the asymmetric supercapacitor 
To evaluate the practical nature of the rGCNTPP hybrid composites, rGCNTPP 10 
was used as cathode in an asymmetric supercapacitor device (ASC) with activated 
carbon (AC) as the anode material (Figure 5.13). 
 
Figure 5.13: Graphical illustration of asymmetric supercapacitor device assembled 
in ECC-Std electrochemical test cell with 1 M H2SO4 electrolyte (a), and 
electrochemical interaction of electrolyte ions between the cathode and anode (b). 
A detailed overview of the CV behavior of the assembled device is presented 
in Figure 5.14(a). The almost rectangular cyclic voltammograms demonstrate 
excellent electrical double layer capacitance (EDLC) performance and low 
resistivity, both at high and low scan rates. In addition to the presence of 
interconnected 3D networks observed in the cross-sectional FE-SEM images and the 
Chapter 5. Self-assembled multifunctional hybrids: Towards developing high-performance graphene-
based architectures for energy storage devices 
160 
 
successful prevention of inter-sheet restacking, it should be noted that the highly 
charged surface profile of each individual layer serves to attract ions into the 
interface, causing surface charge screening and leading to the formation of an 
electrical double-layer. Moreover, the hydrated ionic radius of SO4
2-
 and H3O
+
 is 
reported to be 400 pm and 280 pm, respectively, which is less than the interlayer d-
spacing here (300 to 650 pm). 
11
 
 
Figure 5.14: Electrochemical performance of the as-prepared asymmetric 
supercapacitor: (a) cyclic voltammograms with different scan rates; (b) variation of 
specific capacitance at different scan rates; (c) charge/discharge profiles at different 
current densities; and (d) effect of current density on specific capacitance. 
The maximum specific capacitance of 364 F g
-1
 was obtained at 5 mV s
-1
, 
while even at the much higher scan rate of 100 mV s
-1
, the hybrid electrode 
continued to provide  a capacitance as high as 285 F g
-1
, further demonstrating the 
easy access of ions to the whole architecture (Figure 5.14a, b). The minimal decrease 
in capacitance at higher scan rates, with retention of the rectangular CV, 
demonstrates the satisfactory charge transportation capability of the as-prepared 
layered composite in the ASC device. Galvanostatic charge/discharge (CD) cycling 
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at different current densities was also employed to reveal the exact electrochemical 
capacitive performance of the supercapacitor device, as shown in Figure 5.14c and 
Figure 5.15. Exhibiting the same trend observed with the CV results, the differences 
between capacitance values observed at low and high current densities were subtle, 
with the hybrid material showing a capacitance value of 328 F g
-1
 at 1 A g
-1
, while 
delivering an outstanding capacitance of
 
266 F g
-1
 at 10 A g
-1
 (Figure 5.14c, d). 
Moreover, the deviation from a triangular shape was minor, indicating a negligible 
IR drop even at high current densities (Figure 5.16). The overall results confirm the 
successful formation of an efficient hybrid 3D architecture, simultaneously having 
both an EDL and a pseudocapacitive nature, with the fast ion transport implying the 
high rate capability of the as-prepared rGCNTPP 10 and low equivalent series 
resistance. 
 
Figure 5.15: Galvanostatic charge-discharge profiles of the ASC at different current 
densities. 
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Figure 5.16: IR drops of ASC device at different current densities; insets represent 
the relevant magnified parts of the charge discharge profiles. 
Electrochemical impedance spectroscopy (EIS) was conducted within the 
frequency range of 10 kHz to 10 mHz to map the electronic conductivity during the 
redox process. The Nyquist plot after 50 cycles in (Figure 5.17a) shows a very small 
semicircle in the high frequency region, indicating low charge transfer resistance 
(Rct) of 0.78 Ω, while a near vertical line in the low frequency region demonstrates 
very good access to the electrolyte and a highly porous conductive network for the 
electrolyte ions to smoothly explore the whole electrode surface. The Bode plot in 
Figure 5.17(b) was also plotted from the Nyquist information to determine the phase 
angle of -86°, which is very close to -90° for an ideal supercapacitor with 
outstanding conductivity. The lower resistivity and superior conductivity of the 
chemically treated, interconnected, layered composite are also demonstrated by the 
high conductivity of 38700 ± 7987 S m
-1
 of the flexible rGCNTPP 10 composite 
film, which is much higher than those of the individual components taken separately 
and of similar reported flexible composites (Table 5.6). By considering the total 
capacitance (CT) of the assembled device, the asymmetric supercapacitor showed a 
promising energy density of 11.4 Wh kg
-1
 (at 1 A g
-1
 ) and maximum power density 
of 2235 W kg
-1
 (at 10 A g
-1
) (Figure 5.17c and Table 5.9). To highlight the 
outstanding consistency of the electrochemical performance of the rGCNTPP 10 3D 
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architecture, the ASC device was tested for 5000 cycles at 50 mV s
-1
. The electrodes 
showed no measurable capacitance loss, even after 5000 cycles, with capacitance 
retention of over 99.7% (Figure 5.17d).  
 
Figure 5.17: Electrochemical performance of the supercapacitor device: (a) Nyquist 
plot of the asymmetric supercapacitor, with the inset showing an enlargement of the 
indicated region; (b) Bode plot suggesting maximum phase angle; (c) Ragone plot 
showing the relationship between energy density and power density; and (d) cycle 
life study over 5000 cycles at 50 mV s
-1
, with the inset showing cyclic 
voltammograms from cycles 50 and 2000. 
Table 5.9: Values of specific capacitance of single electrode in the ASC, total 
capacitance of ASC device, energy density (E), and power density (P) obtained by 
galvanostatic charge-discharge testing. 
Current 
density 
 
Specific capacitance of single 
electrode in the ASC 
[Cs (F g
-1
)] 
Total capacitance of 
the ASC device 
[CT (F g
-1
)] 
Energy density  
[E (Wh kg
-1
)] 
Power density 
[P (W kg
-1
)] 
1 A g
-1
 328 82 11.4 145 
2 A g
-1
 305 76.25 10.37 292 
5 A g
-1
 278 69.5 9.27 902 
10 A g
-1
 266 66.5 8.7 2235 
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5.5 Conclusions   
In summary, self-assembled, flexible, and mechanically robust ternary architectures 
for rGO-MWCNTs-CP composites were fabricated, employing a novel yet facile soft 
self-assembly fabrication route. The approach is readily scalable and can be used to 
produce unlimited lengths of multifunctional flexible 3D architectures. It was 
demonstrated that the as-produced architectures exhibited the attributes required of a 
high performing supercapacitor electrode material (761 F cm
-3
 at 5 mV s
-1
) for 
integration into wearable energy conversion and storage devices, such as flexibility, 
light weight, intrinsically superior electrical conductivity (38700 ± 7987 S m
-1
), 
interlayer spacing comparable to that of the hydrated ions present in the electrolyte, 
and the successful combination of a pseudocapacitive element with excellent 
cyclability and high rate performance. These factors, combined with the high 
structural integrity of the architectures, as evidenced by their high toughness (~ 7.3 
MJ m
-3
), make this approach a viable, innovative framework for designing next-
generation, cost-effective multifunctional supercapacitor materials. By mimicking 
the dynamic and functional versatility of nature, the soft self-assembly of MWCNTs 
and PEDOT:PSS increases the potential use of such materials in energy storage 
applications, providing a cost-effective strategy to fabricate mechanically stable 
rGO-MWCNTs-CP composites.  
Note: A version of this chapter has been published and the citation of the paper is 
below.  
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CHAPTER 6: LIQUID CRYSTAL MEDIATED SELF-ASSEMBLY 
OF POROUS α-Fe2O3 NANORODS ON PEDOT:PSS 
FUNCTIONALIZED GRAPHENE AS A FLEXIBLE TERNARY 
ARCHITECTURE FOR CAPACITIVE ENERGY STORAGE 
6.1 Introduction 
High performance, lightweight, flexible energy storage devices such as 
supercapacitors, batteries, fuel cells, and solar cells are promising energy sources for 
wearable devices, artificial electronic skins, distributed sensors, and various portable 
devices.
1-5
 To transform such potentials into reality, the major challenge is to design 
and develop advanced multicomponent electrode materials with interconnected 
networks, satisfactory mechanical flexibility, and excellent electrochemical 
properties. These materials need to ensure active interaction at the electrode-
electrolyte interface and to have a highly conductive network to facilitate the ion 
penetration throughout the whole surface for a high performance electrochemical 
response.
6-8
 Moreover, to obtain good mechanical stability, the electrodes should be 
engineered with a robust scaffold to sustain exploitation in real applications.
9-11
 A 
successful combination of a wholly electroactive network of highly capacitive 
components, including a mechanically stable platform, can be the right approach to 
assemble flexible energy storage devices for real-world application. 
 The outstanding features of graphene oxide (GO) mark it as the most 
promising and suitable material to use for designing lightweight, foldable, yet 
mechanically robust electrodes for advanced electrochemical applications.
12-23
 
Nevertheless, the solo electrochemical performance of GO scaffold is not yet 
sufficient enough to withstand the challenges of real-world modern energy devices.
14, 
16
 To address such potentiality, the basal planes and electrostatic interaction 
originating from the aromatic domains of the graphene structure have been widely 
used in combination with pseudocapacitive redox species. Different conducting 
polymers (CPs), for instance, polyaniline, polypyrrole, and polythiophene 
24-29
, and 
various metal oxides (MOs) in nanostructured form, such as NiO, Ni(OH)2, MnO2, 
RuO2, hematite, magnetite etc., 
30-36
 are combined with GO to boost its 
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electrochemical performance, as well as providing an adequate mechanically stable 
platform for high performance electrode materials. Synergistic effects of such 
multicomponent advanced binary structures not can only lead to excellent 
electrochemical performance, but also provide favorable mechanical stability as well 
as fabrication flexibility.
13, 29, 37-38
 From the variety of MOs, RuO2 stands out as the 
best performer, but commercialization of RuO2 based electrochemical capacitors 
(ECs) is limited because of its rarity, high cost, and environmental concerns.
39
   
 Iron oxide is a widely explored alternative transition metal oxide for 
electrochemical application due to its advantages of low cost, abundance, 
environmental friendliness, ease of preparation, excellent theoretical capacitance, and 
most interestingly, its different valence state activity.
40-49
 Its poor conductivity, 
however, and rapid capacity decay due to volume expansion limits its applications in 
ECs. Various compositions of GO/iron oxides synthesized by different methods have 
been widely reported as an electrode material for energy storage.
40-44, 47-49
 Most of 
these materials have a binary composition and are powdery and binder dependent, 
which limits their electrochemical performance by suppressing the electrical 
conductivity of the final products, as well as making them unsuitable for facile 
handling for flexible device fabrication, so that roll-to-roll large-scale preparation 
becomes an issue for practical application.
42-44, 47-49
 Moreover, the in-situ 
nanoparticles grown on a carbon support frequently face irreversible reactions at the 
electrode-electrolyte interface, cause electrochemical instability, and result in poor 
cycle life.
42, 47-48, 50-51
 To the best of our knowledge, iron oxide nanostructures in 
flexible electrodes using the natural self-assembly approach have not been reported 
as yet. 
 In this study, porous hematite nanorods inserted layer-by-layer into flexible 
electrode were fabricated for charge capacitive application. For the first time, porous 
hematite (α-Fe2O3) nanorods combined with poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) functionalized ultra-large 
graphene oxide in the liquid crystalline state to develop a novel self-assembled 
ternary composite electrode with three-dimensional (3D) architecture. PEDOT:PSS 
functionalization of liquid crystalline graphene oxide (LC GO) sheets facilitate the 
hierarchical assembly of hematite nanorods and the inherent self-assembly of liquid 
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crystal (LC) GO into a layer-by-layer (LBL) 3D architecture. The homogeneously 
distributed nanorods act as a spacer for the flexible layer-by-layer engineering, and 
the synergistic effects of this ternary combination result in excellent capacitive 
performance of 875 F g
-1
 (868 F cm
-3
), energy density of 118 Wh kg
-1
, and power 
density of 506 W kg
-1
. This advanced flexible architecture performed directly as an 
electrode, independent of a binder and current collector. This presents enormous 
opportunity for future fabrication of nanostructured metal oxide-based 
multicomponent flexible electrodes. The simplicity of electrode fabrication, the 
abundance and non-toxicity of the starting materials, and above all, the excellent 
electrochemical performance mark the as-prepared flexible composite as a promising 
candidate for large-scale electrode fabrication for modern wearable, portable, and 
heavy-duty energy storage applications. 
6.2 Experimental methods 
6.2.1 Preparation of LC GO and porous hematite (α-Fe2O3) nanorods (HNR)  
The method for the synthesis of ultra-large graphene oxide liquid crystals and porous 
hematite nanorods is based on our previously reported procedures.
13, 28-29, 52-53
 A 
detail description of the preparation outlined in Chapter 3 section 3.3. Highly porous 
hematite (α-Fe2O3) nanorods (HNR) were prepared by a direct spray precipitation 
method.
52
 Firstly, 0.15 M Fe(NO3)3 solution was sprayed rapidly into a 1.5 M NaOH 
solution using a two-fluid spray nozzle with N2 carrier gas, driven by a peristaltic 
pump to obtain the precursor precipitate. After decanting the upper liquid layer, the 
yellow precipitate was separated and washed multiple times. The resulting solid 
precursor materials were then dried in an oven for 3 h at 90 °C and annealed at 300 
°C for 4 h to obtain satisfactory porous nanorods (length of >100 nm and diameter of 
20-30 nm), which are highly dispersible (0.25 mg mL
-1
) in aqueous medium and 
stable for certain period of time. Orgacon
TM
 DRY re-dispersible PEDOT:PSS pellets 
(produced by Agfa) were purchased from Sigma-Aldrich and used as supplied. 
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6.2.2 Low temperature preparation of PEDOT:PSS functionalized, ultra-large 
LC GO and porous α-Fe2O3 nanorods inserted in a self-assembled flexible 
architecture 
LC GO dispersion (50 mg of 2 mg mL
-1
) was mixed with 50 mg of PEDOT:PSS 
pellets (Orgacon
TM
 DRY, Agfa) by vigorous stirring for 12 h to obtain a 
homogeneous dispersion. The dispersion was then incubated at 40 °C for 24 h to 
promote π–π interactions of PEDOT:PSS on the GO surface. The incubated 
dispersion was then centrifuged to decant excess PEDOT:PSS and obtain liquid 
crystals of PEDOT:PSS functionalized GO. An HNR (25 mg) dispersion in 
deionized water (DI, 0.25 mg mL
-1
) was added into the LC GO – PEDOT:PSS 
dispersion (50 mg of 5 mg mL
-1
) under vigorous stirring, which was continued until 
the composite dispersion concentration was back to 5 mg mL
-1
. Ascorbic acid (25 
mg) was mixed with the GO-PEDOT:PSS-HNR dispersion and poured into a Teflon 
mould, dried at 80 °C in a normal oven, and washed with an ethanol/water mixture to 
obtain a flexible rGO-PEDOT:PS-HNR (rGPPHNR) composite paper, while the GO 
content was simultaneously deoxygenated to reduced graphene oxide (rGO). For a 
comparison study, flexible rGO-PEDOT:PSS composite was prepared from 
PEDOT:PSS functionalized LC GO, and rGO-HNR (rGHNR) composite was 
obtained by simple mixing of HNR with pristine LC GO (in a ratio of 1:0.5). 
6.3 Materials and electrochemical analysis 
The self-assembled LBL morphology, with the interlayer assembly of porous HNR 
and interaction among the components of the ternary system, was revealed by field 
emission scanning electron microscopy (FE-SEM; JEOL JSM-7500FA) and 
transmission electron microscopy (TEM; JEOL ARM200F), with the TEM equipped 
with an Ultrascan charge-coupled device (CCD) camera and energy-dispersive X-ray 
spectroscopy (EDS; Bruker, Massachusetts, USA). X-Ray diffraction (XRD) analysis 
was carried out on a GBC MMA equipped with Cu Kα radiation (λ = 1.5406 Å). A 
PHOIBOS 100 hemispherical analyser with pass energy of 26.00 eV and 45° take-off 
angle was used to conduct X-ray photoelectron spectroscopy (XPS). Ultraviolet-
visible (UV-Vis) and Fourier transform infrared (FT-IR) spectra were collected on a 
Shimadzu UV-3600 and an AIM-8800 (Shimadzu, Japan) respectively. Thermal 
stability was studied by thermogravimetric analysis (TGA) on a Mettler Toledo 
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TGA/DSC1 under air atmosphere. Specific surface area was estimated using 
Brunauer–Emmett–Teller (BET) analysis with a NOVA 1000 (Quantachrome, 
Boynton Beach, Florida, USA). Raman spectra were obtained using a H800 
spectrophotometer (HORIBA Jobin Yvon) with a 50x microscope objective and 
confocal hole size of 1000 m. A 532.81 nm He-Ar laser was used to excite Raman 
scattering between 200-3000 cm
-1
 using a 200 m grating. The composite films (rGO, 
rGHNR, and rGPPHNR) were cut into 2 cm × 1 cm dimensions to use directly as 
free-standing electrode, and their electrochemical performance was analysed on a 
VMP3 Bio-Logic electrochemical workstation using the three-electrode 
configuration in a beaker-type cell. Electrodes were prepared from HNR by mixing 
the HNR with polyvinylidene difluoride (PVDF) and carbon black in a ratio of 
85:10:5, respectively, on a titanium current collector. The electroactive area of the 
electrodes was 1 cm × 1 cm. An electrolyte solution of 1 M KOH, an Ag|AgCl 
reference electrode, and a platinum foil counter electrode were used in the 3-
electrode configuraton, with a potential range of 0 to -1.2 V for cyclic voltammetry 
and 0.4 to -0.6 V for charge-discharge testing. The specific capacitance, Cs (F g
-1
), 
was calculated by using the following equations 
13, 28, 48
: 
𝐶𝑠 =
1
𝑚𝑣(𝑉𝑎−𝑉𝑐)
 ∫ 𝐼(𝑉)𝑑𝑉
0
−1.2
      (6.1) 
𝐶𝑠 =
𝐼×𝛥𝑡
𝛥𝑉×𝑚
         (6.2) 
Where I is the current in Amperes, m is the mass of the electrode (g), v the scan rate 
(mV s
-1
), and (Va – Vc) represents the potential window and the integral area under 
the cyclic voltammograms. ΔV is the voltage, and Δt is the discharge time in seconds 
for the charge-discharge (CD) process. The specific energy (E) and power (P) 
densities were calculated from the CD data using the following equations:  
𝐸 =
1
2
𝐶𝑠(∆𝑉)
2/3.6  (Wh kg-1)     (6.3)     
       
𝑃 =
𝐸×3600
𝑡
  (W kg
-1
)     (6.4)  
Chapter 6. Liquid crystal mediated self-assembly of porous α-Fe2O3 nanorods on PEDOT:PSS 
functionalized graphene as a flexible ternary architecture for capacitive energy storage 
174 
 
Where Cs, ΔV, and t are the specific capacitance, potential window (V), and 
discharge time (s), respectively. The volumetric specific capacitance (Cvs) was 
calculated by the formula below: 
𝐶𝑣𝑠 =
𝐶𝑠×𝑚
𝑉
        (6.5) 
Where, V is the volume and m is the mass of the electrode. 
The specific capacitance of the electrodes in the fabricated symmetric supercapacitor 
were calculated from the following equation: 
𝐶s =
2
𝑚𝑣(𝑉𝑎−𝑉𝑐)
∫ 𝐼(𝑉)
0.6
0
𝑑𝑉      (6.6) 
6.4 Results and discussion 
6.4.1 Fabrication of porous α-Fe2O3 nanorods inserted, self-assembled flexible 
architecture 
For this flexible electrode of homogeneously distributed hematite nanorods 
supported over conductive polymer functionalized GO sheets, the key point is that it 
is necessary to have a dispersed colloidal suspension of the components and suitable 
non-covalent interaction prior to forming the composite paper. Ultra-large graphene 
oxide (GO) sheets in the liquid crystalline (LC) state were chosen as the critical 
precursor that is required for this breakthrough. LC GO is considered as a pioneer 
candidate to form large-scale self-aligned layered architectures due to its 
amphiphilicity coming from certain functional groups, 18, 54-56 which is more 
effective for ultra-large graphene oxide sheets, while the aromatic domains are able 
to form a network with various nanomaterials through π–π interaction by maintaining 
the liquid crystallinity.18, 28, 53 In solution, the PEDOT:PSS chains can easily 
become attached to the surface functional groups of an LC GO sheet through π–π 
interaction, to create a new layer on its top after low temperature aging. This 
additional polymer loading provides more active π-conjugated PSS ends to naturally 
anchor the homogeneously dispersed metal oxide nanomaterials.     
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Figure 6.1: (a) FE-SEM and (b) HR-TEM images of as-prepared porous hematite 
nanorods. 
 Highly porous hematite nanorods (HNR) (Figure 6.1) (prepared by the 
advanced spray precipitation process) are able to form a stable homogeneous 
dispersion for a certain period of time in an aqueous medium (Figure 6.2a) and 
possess homogeneity, even in a LC GO-PEDOT:PSS suspension, which leads to 
interaction with the active PSS functional ends without additional surfactant (Figure 
6.2b). Inspired by this natural interaction, as-prepared HNR dispersion was added to 
the functionalized PEDOT:PSS functionalized, ultra-large LC GO suspension as a 
facile route to achieve α-Fe2O3 nanorods inserted in a flexible ternary composite 
(Figure 6.2b). PEDOT:PSS functionalization on GO surfaces results in non-covalent 
interaction with HNR and facilitates the attachment of the nanorods on the graphene 
oxide sheets as an uniform layer. The liquid crystalline nature of HNR-PEDOT:PSS 
interacting with the ultra-large GO sheets directs the soft self-assembly approach 
along with low temperature chemical reduction and generates an LBL interconnected 
3D network of electrical double layer capacitive (EDLC) material (rGO) entrapped in 
two different pseudocapacitive materials (PEDOT:PSS and HNR). 
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Figure 6.2: Schematic illustration of the fabrication process. (a) Dispersion behavior 
of highly porous α-Fe2O3 nanorods (HNR): (a-i) stable aqueous dispersion (0.25 mg 
mL
-1
) after two weeks, (a-ii) bright field and (a-iii) dark field high resolution (HR)-
TEM images of HNR. (b) Self-assembly mechanism of porous α-Fe2O3 nanorods on 
PEDOT:PSS functionalized, ultra-large GO sheets in the liquid crystalline state to 
form iron oxide nanostructures  inserted in a layer-by-layer 3D architecture to form a 
flexible composite: (b-i) LC GO, (b-ii) PEDOT:PSS functionalized LC GO, (b-iii) 
HNR attached to GO-PEDOT:PSS sheets in aqueous medium, and (b-iv) self-
assembled flexible composite paper of rGO/PEDOT:PSS/HNR after reduction. 
 
 
Chapter 6. Liquid crystal mediated self-assembly of porous α-Fe2O3 nanorods on PEDOT:PSS 
functionalized graphene as a flexible ternary architecture for capacitive energy storage 
177 
 
6.4.2 Structural and compositional analysis of the porous α-Fe2O3 nanorod 
inserted, self-assembled flexible architecture  
 
Figure 6.3: Structural morphology of the as-prepared composites: low and high 
magnification cross-sectional FE-SEM images of (a-i, a-ii) rGPPHNR and (b-i, b-ii) 
rGHNR; surface morphology of (a-iii) rGPPHNR  and (b-iii) rGHNR; and TEM 
images of (a-iv) rGPPHNR and (b-iv) rGHNR reveal the distribution morphology of 
interlayer HNR on a PEDOT:PSS functionalized rGO surface and a pristine rGO 
surfaces, respectively. Insets in (a-iv) and (b-iv) show the porous structure of 
hematite nanorods in the composites after deoxygenation. 
The layer-by-layer architecture of the self-assembled flexible composite and the 
distribution morphology of the interlayer porous hematite nanorods are evidenced by 
cross sectional FE-SEM images and TEM images (Figure 6.3 and Figure 6.4). From 
Figure 6.3 it can be seen that the ternary rGPPHNR composite (Figure 6.3a-i, a-ii) 
compared to rGHNR (Figure 6.3b-i, b-ii) forms an  attractive LBL 3D structure, 
where the entrapped nanorods are uniformly distributed and act as active interlayer 
spacers to open up a huge quantity of interconnected channels. In the case of the 
rGHNR composite, however, the HNR in aqueous dispersion suffers from a strong 
interaction with the GO surface and self-agglomeration of nanorods, so that the π–π 
stacking of rGO sheets during the self-assembly process is disturbed, resulting in 
disorder in the layer formation and bulk agglomeration of HNR inside the strongly 
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stacked disturbed layer structure (Figure 6.3b-i, b-ii). Whereas, PEDOT:PSS 
functionalized GO in aqueous dispersion properly anchors the HNR through non-
covalent interaction with the sulfonate ends and facilitates uniform attachment to the 
surface. This nanodecoration remains stable during the self-assembly process, 
leading to a smooth LBL 3D architecture where the nanorods are homogeneously 
distributed on the PEDOT:PSS functionalized rGO layers (Figure 6.3a-i, a-ii). This 
uniform natural assembly provides a smoother surface morphology for rGPPHNR 
(Figure 6.3a-iii) composite compared to the rGHNR one (Figure 6.3b-iii). The TEM 
image in Figure 6.3(a-iv) reveals a similar homogenous distribution of HNR on 
PEDOT:PSS functionalized rGO layers of rGPPHNR, whereas rGHNR shows 
agglomerated clusters of HNR on the rGO surface in Figure 6.3(b-iv). This is further 
evidence that the highly porous structure of the HNR (inset) remains stable even after 
chemical reduction of the GO content. 
 
Figure 6.4: Cross-sectional FE-SEM images of rGO (a-i) and rGO-PEDOT:PSS (b-
i); surface morphology of rGO (a-ii) and rGO-PEDOT:PSS (b-ii); TEM images of 
rGO (a-iii) and rGO-PEDOT:PSS (b-iii). 
 The existence, homogeneity, and stability of PEDOT:PSS and HNR as 
interlayer materials in the self-assembled flexible structure are evidenced by the EDS 
elemental mapping analysis (Figure 6.5). The uniform distribution of sulfur (S) and 
iron (Fe) suggests successful attachment of the PEDOT:PSS to the graphene sheets 
and the further addition of hematite nanorod nanoclusters as an interlayer materials 
in rGPPHNR composite. It is noticeable that the Fe element is more prominent in the 
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S rich regions of rGO layers (Figure 6.5), which is evidence of the possible non-
covalent interaction between HNR and PSS.  
 
Figure 6.5: Elemental mapping images of rGPPHNR composite (a) show the 
presence of carbon [C], sulfur [S], oxygen [O], and iron [Fe]; (b) the corresponding 
EDS spectrum. 
Table 6.1: EDS quantitative analysis of as-prepared composites. 
Material C (at.%) O (at.%) S (at.%) 
Fe 
(at.%) 
PEDOT:PS
S content  
(wt%) 
HNR  
(wt%) 
PEDOT:PSS 69.75 22.71 7.54 -- 100 -- 
rGO 76.49 23.51 -- -- 0 -- 
HNR -- 62.5 -- 37.5 -- 100 
rGHNR 54.38 32.10  13.52 -- 36 
rGO-
PEDOT:PSS 
79.29 18.60 2.11 -- 28 
-- 
rGPPHNR 53.87 31.12 1.21 13.18 16 35 
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Table 6.2: Compositional analysis of the as-prepared composites studied by EDS. 
Material rGO (wt%) HNR (wt%) PEDOT:PSS (wt%) 
rGO 100 -- -- 
rGHNR 65  36 -- 
rGO-PEDOT:PSS 72 -- 28 
rGO-PEDOT:PSS-HNR 49 35 16 
 The contents of individual components, as well as the compositional analysis 
of the as-prepared composites, were studied by EDS analysis and are presented in 
Table 6.1 and Table 6.2. By considering the sulfur content in commercial 
PEDOT:PSS and rGO-PEDOT:PSS, the PEDOT:PSS content in the flexible ternary 
composite was determined. The sulfur (S) content of 1.21 (at.%) suggests that the 
content of PEDOT:PSS is 16 wt% in rGPPHNR. In a similar way, the iron (Fe) ratios 
of as-prepared HNR and rGHNR were used to determine the content of HNR in the 
rGPPHNR composite (Table 6.1). Moreover the carbon (C) ratio decreased with 
increasing oxygen (O) content as an effect of the iron nanorod insertion in the 
composite layers.  
 
Figure 6.6: (a) UV-Vis spectra of porous α-Fe2O3 nanorods (1), rGO (2), and 
rGPPHNR (3) support the stability of the PEDOT:PSS (marked with arrow) and the 
hematite nanorods and (b) FTIR spectra of rGO (1), rGHNR (2), rGO-PEDOT:PSS 
(3), and rGPPHNR (4) composites. 
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 The UV-Vis absorption spectra (Figure 6.6a) of rGPPHNR show that the 
characteristic absorption peak for PEDOT:PSS at 225 nm, which is evidence of the 
stability of the polymer chains in the chemically reduced graphene oxide supported 
layer-by-layer structure.
28
 The Plasmon excitation peak for rGO (260 nm) is slightly 
red shifted to 267 nm, which indicates the interaction between the π-domains of rGO 
and PEDOT:PSS. The absorption band at 427-437 nm reflects the metal charge-
transfer transition of α-Fe2O3 nanotubes. The successful PEDOT:PSS 
functionalization of the LC GO surfaces, the non-covalent interaction of HNR, and 
the stability during the deoxygenation process can be easily confirmed by the FTIR 
spectra of the layer-by-layer architectures. In Figure 6.6(b), compared with rGO, 
rGHNR, and rGO-PEDOT:PSS, rGO-PP-HNR shows characteristic peaks at 973, 
834 and 687 cm
-1
, corresponding to the C-S bond in the thiophene ring, whereas the 
bands at 1034, 1095, and 1200 cm
-1
 appear to be due to the alkylenedioxy groups in 
the PEDOT chains.
57-58
 The sulfonic acid groups in the PSS chains show 
corresponding peaks at 1034 cm
-1
 and near 1200 cm
-1
.
57, 59
 Moreover, the new peaks 
at 849, 745, and 639 cm
-1
, compared to rGO-PEDOT:PSS, correspond to the Fe-O 
stretching modes of HNR and well represent its presence in the composite.
44, 50
 
 
Figure 6.7: Thermogravimetric analysis of the as-prepared composites compared 
with the individual components in air. 
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 Thermogravimetric analysis (TGA), as shown in Figure 6.7, also revealed a 
similar mass ratio of components in in the layer-by-layer ternary composite. By 
considering the thermograms of rGO and PEDOT:PSS, it is clear that the composite 
rGO-PEDOT:PSS was successfully functionalized with 29 wt% PEDOT:PSS by 
following the low temperature thermal aging method. Regarding the thermogram of 
the rGPPHNR composite compared to rGO-PEDOT:PSS, HNR, and rGHNR, the 
mass ratio of PEDOT:PSS and HNR in the rGPPHNR composite is 17 wt% and 35 
wt%, respectively, which reflects 9.6 wt% and 95 wt% retention of the respective 
components. The better thermal stability of rGO-PEDOT:PSS and rGPPHNR up to 
the temperature of 600 °C is proof of the formation of strong π–π interactions 
between rGO and PEDOT:PSS due to the functionalization. The compositions of the 
as-prepared composites are presented in Table 6.2. 
 
Figure 6.8: Surface composition of the as-prepared composites obtained by XPS 
analysis: (a) survey spectrum of rGPPHNR), (b) core level C 1s spectrum, (c) Fe 2p 
spectrum, and (d) S 2p spectrum of rGPPHNR composite. 
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Figure 6.9: XPS survey spectra of (1) rGO, (2) rGHNR, and (3) rGO-PEDOT:PSS. 
XPS analysis (Figure 6.8 and Figure 6.9) was used to reveal the surface 
composition of rGPPHNR and to further evaluate the presence of PEDOT:PSS and 
Fe2O3 on the rGO layers. The survey spectrum (Figure 6.8a) of rGPPHNR 
demonstrates that there are four key components, C, O, S, and Fe, in the final ternary 
composite. The presence of the elements S and Fe confirms the successful interaction 
of hematite nanorods on the PEDOT:PSS functionalized GO surface. The high 
resolution XPS C 1s spectrum of rGPPHNR (Figure 6.8b) is deconvoluted into four 
sub-peaks, suggesting the presence of four types of carbon. The peaks at 284.4, 
285.5, and 287.5 eV are assigned to C=C, C–C, and C–O/C=O/O–C=O.
54
 The 
appearance of the peak at 286.6 eV is attributed to the C–S species and confirms the 
PEDOT:PSS functionalization of the graphene sheets.
28, 60-61
 Two distinct peaks are 
observed at 710.7 and 724.4 eV in the Fe 2p spectra (Figure 6.8c), corresponding to 
Fe 2p3/2 and Fe 2p1/2, and these can be used to qualitatively determine the ionic state 
of iron. Along with these two peaks, a satellite peak at about 717.5 eV (marked with 
an arrow) is characteristic of the Fe
3+
 ion.
47
 The high resolution S 2p spectrum of 
rGPPHNR (Figure 6.8d), fitted with two distinct peaks, belongs to the PEDOT (at 
lower binding energy, 29%) and PSS (at higher binding energy, 71%) chains of the 
PEDOT:PSS in the composite.
28, 61
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Figure 6.10: Raman Spectra of (1) PEDOT:PSS, (2) HNR, (3) rGHNR, (4) rGO-
PEDOT:PSS and (5) rGPPHNR. 
 The comparisn Raman spectrum of PEDOT:PSS, porous hematite nanords, 
rGHNR, rGO-PEDOT:PSS and rGPPHNR in Figure 6.10 reveals the successful 
interaction of PEDOT:PSS (corresponding peaks at 580, 987 and 1445 cm
-1
) on rGO 
sheet surface and uniform assembly of HNR (corresponding peaks at 310, 438 and 
680 cm
-1
) on PEDOT:PSS functionalized rGO layers. Furthermore, the intensity ratio 
of the D band (peak at 1334 cm
-1
) and G band (peak at 1608 cm
-1
) ratio (ID/IG = 1.12) 
indicates the deoxygenation of GO to rGO and stablity of the rGO sheets in the 
flexible ternary rGPPHNR composite.
47, 51
 
 The primary aim behind this ternary composite is to form iron oxide 
nanostructures inserted in an LBL flexible composite, where the highly porous 
hematite nanorods play a crucial role in preventing the restacking of rGO sheets and 
act as a spacer to prepare interlayer porous channels for ion transportation.
13
 The 
effect on interlayer spacing of the rGO sheets, and the crystallinity and phase purity 
of the HNR in the rGPPHNR composite were confirmed by XRD analysis, as shown 
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in Figure 6.11. The XRD pattern of the as-prepared rGO-PEDOT:PSS composite 
shows that the interlayer spacing is increased to 3.77 Å (2θ = 23.58°) from 3.63 Å 
(2θ = 24.52°) for the rGO film, which corresponds to the presence of interlayer 
functionalized PEDOT:PSS. The interlayer spacing of rGPPHNR dramatically 
increases to 15.80 Å (2θ = 5.60) as an effect of HNR insertion on PEDOT:PSS 
functionalized GO layers. Due to the bundling of nanorods in the rGHNR composite, 
the characteristic peaks of HNR become prominent and obscure the typical rGO peak 
in the XRD pattern. By comparing the XRD patterns of rGO, rGO-PEDOT:PSS, 
HNR, and rGHNR, similar phase and crystal structure are revealed for the interlayer 
HNR of the rGPPHNR composite.  
 
Figure 6.11: XRD patterns of (1) rGO, (2) rGO-PEDOT:PSS, (3) porous α-Fe2O3 
nanorods, (4) rGHNR, and (5) rGPPHNR composite show that the interlayer d-
spacing of rGO is increased due to the effects of the PEDOT:PSS polymer layer and 
the nanorod insertion (marked by arrow). 
 The diffraction pattern of the nanorods shows that these particles are 
crystalline hematite, with the main reflections corresponding to (102), (104), (110), 
(113), (024), (116), (214) and (300) (JCPDS file no. 33-0664).
52
 Evidence of the 
rodlike morphology can be seen in the large difference in intensity and peak 
broadening between the (104) and (110) reflections, which is much closer for more 
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spherical particles. The intense peaks of the HNR incorporated into the rGHNR and 
rGPPHNR composites are due to the retention of the crystal structure after the low 
temperature deoxygenation process. 
 
Figure 6.12: (a-c) Nitrogen adsorption/desorption isotherm measured at 77 K and (d-
f) Barrett–Joyner–Halenda (BJH) pore size distribution curve of rGPPHNR, rGHNR 
and HNR respectively. 
Table 6.3: Specific surface areas analyzed by BET method.  
Sample Specific surface area (m
2
/g) Pore size distribution (nm) 
rGO 93 -- 
rGO-PEDOT:PSS 107 -- 
HNR 166 2-12 
rGHNR 128 5-21 
rGPPHNR 269 3-30 
 The 3D architecture fabricated from the successful self-assembly of 
rGO/PEDOT:PSS/porous α-Fe2O3 nanorods contains massive numbers of interlayer 
channels and pores (Figure 6.3 a-ii and a-iv), shows a step of nitrogen 
adsorption/desorption branches at relatively high pressure (P/Po) (Figure 6.12) and 
experience an outstanding specific surface area for rGPPHNR of 269 m
2
 g
-1
, as 
obtained by BET analysis (Table 6.3). It is relatively higher than for the as-prepared 
HNR (166 m
2
 g
-1
) and rGO-PEDOT:PSS (107 m
2
 g
-1
), and 3-fold more than for the 
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rGO film (93 m
2
 g
-1
). This great enhancement may have originated from the 
excellent porosity of HNR and the interlayer channels developed from its assembly 
on PEDOT:PSS functionalized graphene oxide surfaces. 
6.4.3 Capacitive performance of the porous α-Fe2O3 nanorod inserted, self-
assembled flexible electrode 
 
Figure 6.13: Capacitive performance of the composites compare to the individual 
components: (a) cyclic voltammograms of the composites and individual components 
at 5 mV s
-1
, (b) plots of specific capacitance obtained from the CV study, (c) 
charge/discharge profile at 0.5 A g
-1 
and (d) plot of specific capacitance obtained 
from charge/discharge method. 
 The capacitive performance of the α-Fe2O3 nanorod inserted, flexible 
composite was studied by cyclic voltammetry (CV) and galvanostatic 
charge/discharge (CD) measurements. The cyclic voltammograms of rGO, HNR, 
rGHNR, and rGPPHNR (Figure 6.13 a and Figure 6.14) show higher cathodic 
charges than anodic charges, especially when the electrodes were investigated at 
gradually more negative potential. A similar trend towards higher cathodic charges is 
observable in previous reports on iron oxide based electrodes.
41, 43, 49
 Herein, the 
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cathodic charges may be allied with the characteristics of the electrolyte, as well as 
the irreversible reduction of Fe
3+
 to Fe
2+
/Fe and H
+
 to H2.
41, 49
  
 
Figure 6.14: Cyclic voltammograms of rGO (a), porous α-Fe2O3 nanorods (b), 
rGHNR (c), and rGPPHNR (d) composite. 
 The cyclic voltammograms clearly reveal the pseudocapacitive and electric 
double-layer capacitive (EDLC) behaviour of HNR and rGO, respectively. The 
EDLC behaviour of rGO was disturbed by the combination with pseudocapacitive 
HNR and resulted in a distorted CV curve for the rGHNR composite. Whereas, the 
CV curve of rGPPHNR composite is extensively influenced by its pseudocapacitive 
nature, arising from the hierarchical assembly of HNR over functionalized 
PEDOT:PSS. Notably, the current separation between the anodic and the cathodic 
response at the same scan rate (5 mV s
-1
) for rGHNR is wider than for rGO and HNR 
(Figure 6.13a), indicating that simple mixing of these components results in better 
specific capacitance. The strong increase in the CV area of rGPPHNR suggests that 
the conductive polymer functionalization of the ultra-large GO sheets prior to 
interaction with HNR has a massive impact on the overall electrochemical 
performance. The successful homogeneous self-assembly of HNR on the 
PEDOT:PSS functionalized, ultra-large rGO support results in an interconnected 3D 
network (Figure 6. b-iv and Figure 6.3a-ii) that facilitates access of the electrolyte 
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ions throughout the electroactive surface of the rGPPHNR electrode, which leads to 
very high specific and volumetric specific capacitance (Cvs) of 875 F g
-1
 and 868 F 
cm
-3
, respectively. 
 The successful homogeneous self-assembly of HNR on the PEDOT:PSS 
functionalized, ultra-large rGO support results in an interconnected 3D network 
(Figure 6.2b-iv and Figure 6.a-ii) that facilitates access of the electrolyte ions 
throughout the electroactive surface of the rGPPHNR electrode, which leads to very 
high specific and volumetric specific capacitance (Cvs) of 875 F g
-1
 and 868 F cm
-3
, 
respectively. The highly porous and three-dimensional interconnected conductive 
architecture is a result of the solvophobic self-assembly of pseudocapacitive 
materials on an electric double layer capacitive (EDLC) material, and the synergistic 
behavior of this LBL composition is a possible explanation for the electrochemical 
phenomena described in our work. The PEDOT:PSS functionalization through π–π 
interaction and uniform decoration of hematite nanorods results in increased spacing 
between subsequent graphene layers, as evidence by the XRD pattern (Figure 6.11) 
and cross-sectional FE-SEM image (Figure 6.3) of rGPPHNR. The inhibition of 
graphene sheet restacking increases the effective surface area to ensure better contact 
at the electrode-electrolyte interface, while simultaneously providing a huge amount 
of charge storage space, but more importantly, generating a super-fast pathway for 
electrolyte ion penetration throughout the whole electroactive surface of the free-
standing electrode. On the other hand, the pseudocapacitive PEDOT:PSS layer 
significantly enhances the charge storage and transport capability of the interlayer 
ionic channels created from the rGO and nanorods in the rGPPHNR architecture. As 
such, the observed performance of rGPPHNR composite is not only related to the 
engineering of HNR on the PEDOT:PSS functionalized graphene surface, but to the 
way that its nanorods interact and are distributed to create relatively enormous space 
for the ultimate insertion of electrolyte ions. The successful combination of three 
different capacitive materials in a single composition results in an overall synergistic 
effect towards supremely enhanced energy storage capability of the system. 
Whereas, the rGHNR composite electrode resulting from simple mixing of LC 
GO/HNR suffers from improper interaction between the components, which causes 
self-agglomeration or bundling of the HNR and rGO (Figure 6.3b-ii), blocking the 
penetration of electrolyte ions, and leading to inferior specific capacitance of 224 F 
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g
-1
, although it is still better than the specific capacitances of the individual 
components rGO (96 F g
-1
) and HNR (107 F g
-1
). The highly conductive flexible 
network arising from the soft assembly of rGO/PEDOT:PSS/porous hematite 
nanorods not only makes this composite 9-fold more capacitive than rGO, 8-fold 
more capacitive than HNR, and 4-fold more than rGHNR, but also gives it one of the 
highest specific capacitances among all the iron oxide based electrode materials 
previously reported for supercapacitor application (Table 6.4). 
Table 6.4: Capacitive performance of the iron nanorod inserted, flexible electrode 
compared with previous reports on iron oxide/rGO composites. 
Composite 
Electrode mass 
(mg cm
-2
) 
Electrolyte 
Potential 
window 
(V) 
Specific 
capacitance (F g
-1
) 
Ref. 
Flexible 
rGPPHNR 
0.67 1 M KOH 0 – -1.2 
875 @ 5 mV/s 
859 F g
-1
 @ 0.5 
A/g 
Present 
work 
Flexible  
rGHNR 
0.76 1 M KOH 0 – -1.2 224 @ 5 mV/s  
Present 
work 
Mesh-like 
Fe2O3/C 
-- 2 M KOH 0.2 – -0.7 315 @ 2 mV/s 
48
 
Fe2O3-graphene 
nanocomposite 
-- 
1 M 
Na2SO4 
0 – -1 226 @ 1 A/g 
62
 
Fe2O3-graphene 6 mg 2 M KOH 0 – -0.85 151.5 @ 1 A/g 
50
 
Fe3O4/rGO -- 1 M KOH 0 – -1 220 @ 0.5 A/g 
49
 
GNS/Fe2O3 -- 6 M KOH -0.2 – -1 320 @ 10 mA/cm
2
 
44
 
Fe2O3/N-rGO GCE 1 M KOH -1.1 – -0.7 618 @ 0.5 A/g 
47
 
α-Fe2O3 NTs-
rGO 
1.7 
1 M 
Na2SO4 
0 – -1 215 @ 2 mV/s 
41
 
Fe3O4/rGO -- 1 M KOH -0.8 – 0.2 890 @ 1 A/g 
40
 
Fe3O4/RGO Ultrathin film 1 M KOH 0 – 0.9 250 @ 0.5 A/g 
42
 
Fe2O3/graphene 
(anode material) 
1 1 M KOH -1.05–-0.3 908 @ 2 A/g 
51
 
Fe3O4/rGO -- 6 M KOH -1.1 – 0 350 @ 1 mV/s 
43
 
The as-prepared electrodes were set up for cyclic voltammetry study at 
different scan rates to investigate the rate capability, which is an important parameter 
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that points directly the use of supercapacitors in power applications. The specific 
capacitance from the CV study at different scan rates obtained by using Equation 
(6.1) (Figure 6.13b and Figure 6.14) indicates a reduction in specific capacitance 
with increasing scan rates. This is due to the fact that the electrolyte ions do not get 
sufficient time to explore the electroactive sites for charge storage.
30
 As seen from 
Figure 6.13(b), rGPPHNR exhibits excellent specific capacitance, varying from 875 
to 691 F g
-1
 as the scan rate increases from 5 mV s
-1
 to 100 mV s
-1
, when compared 
with rGHNR (from 224 to 133 F g
-1
), HNR (from 107 to 44 F g
-1
), and rGO (from 96 
to 48 F g
-1
). Maintained 79% of its initial value is at very high scan rate, which 
indicates that the iron oxide inserted, flexible electrode (rGPPHNR) has very good 
rate capability and excellent durability. 
 
Figure 6.15: Charge/discharge profiles of rGO (a), porous α-Fe2O3 nanorods (b), 
rGHNR composite (c), and rGPPHNR (d) composite. 
 To analyze the electrochemical capacitive performance of these electrode 
materials in detail, the specific capacitances (Cs) of the as-prepared electrodes were 
also estimated from the corresponding galvanostatic charge-discharge curves (Figure 
6.13 c and Figure 6.15) according to Equation (6.2) at various current densities and 
are plotted in Figure 6.13 (d). The uniform conductive network of PEDOT:PSS/HNR 
on rGO supports synergistic pseudocapacitive and EDLC effects that result in 
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symmetrical linear charge-discharge slopes (Figure 6.13c), implying a rapid I–V 
response and excellent electrochemical reversibility, thus resulting in the highest 
specific capacitance of 859 F g
-1
 (at 0.5 A g
-1
) for iron oxide in combination with 
conductive polymer flexible electrode. This performance is much higher than for the 
electrodes prepared from rGHNR (201 F g
-1
 at 0.5 A g
-1
) composite, rGO (88 F g
-1
 at 
0.5 A g
-1
), or HNR (91 F g
-1
 at 0.5 A g
-1
).The specific energy density (E) and power 
density (P) of rGPPHNR are estimated from relevant charge-discharge curves by 
applying Equations (6.3) and (6.4), respectively, and the results are listed in Table 
6.5 and compared with previously reported iron oxide based composites used for 
capacitive energy storage (Figure 6.16a). It reveals the natural interaction and 
homogeneous nano-decoration of rGO/PEDOT:PSS/HNR ternary components 
boosted the energy and power density.  
Table 6.5: Specific capacitance, energy density, and power density results for 
rGPPHNR composite from the charge/discharge study at various current densities. 
Current density 
(A g
-1
) 
Specific capacitance  
[Cs (F g
-1
)] 
Energy density  
(Wh kg
-1
) 
Power density 
(W kg
-1
) 
0.5 859 118 506 
1 832 115 1007 
2 781 108 1462 
5 726 99 2371 
 The maximum energy density obtained for the rGPPHNR flexible electrode 
of 119 Wh kg
-1
 at 0.5 A g
-1
 is superior to those for previously reported iron oxide 
based electrode materials for energy storage application.
40, 47-48, 50
 The energy density 
of rGPPHNR composite decreases gradually from 118 to 99 Wh kg
-1
 as the power 
density increases from 506 to 2371 W kg
-1
 with increasing current density from 0.5 
to 5 A g
-1
 (Table 6.5). To evaluate the electrochemical consistency of the as-prepared 
composites, a cycling-life test was carried out for the rGHNR and rGPPHNR 
composites at the current density of 1 A g
-1
 (Figure 6.16 b). It is clearly observed that 
the specific capacitance of rGHNR composite start decreasing after 200 cycles, and 
88% of the initial performance is obtained after 5000 cycles. The fading in the 
capacitance may due to the improper interaction between the agglomerated HNR and 
the re-stacked rGO sheets, and irreversible reactions on the electrode-electrolyte 
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interface. The 3D architecture obtained by self-assembly of the ternary components, 
however, confines the uniformly decorated HNR in the self-assembled LBL 
structure. Such engineering provide a large elastic buffer space to balance the volume 
expansion or contraction of HNR, and the interactions between rGO/PEDOT:PSS/α-
Fe2O3 nanorods hold them on the ultra-large graphene surfaces during the long redox 
process. This advanced architecture encompasses massive numbers of interlayer 
conductive channels, which may require activation to allow the trapped cations to 
gradually diffuse out.
41
 For this reason, a significant increase in the capacitance 
occurred over 2000 cycles for the rGPPHNR composite, and it then remained stable 
up to the 5000
th
 cycle (Figure 6.16 b). Moreover, the strong π–π interaction maintains 
the ionic pathways together with the layer structure for long cycles of redox 
reactions. 
 
Figure 6.16: Electrochemical response of the composites compared to the individual 
components: (a) Ragone plots of as-prepared composites compared with previously 
reported iron oxide based composites, (b) specific capacitance as a function of cycle 
number based on the charge-discharge process at 1 A g
-1
, (c) Nyquist plots of 
experimental impedance (EIS) data, with the top inset showing an enlargement of the 
indicated region and the bottom inset the equivalent circuit used for fitting and (d) 
Nyquist plots of rGPPHNR composite electrode before and after 5000 cycle. 
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Figure 6.17: Low (a) and high (b) magnification cross sectional FE-SEM images of 
rGPPHNR composite after 5000 cycles reveal the stability of the layer-by-layer 
morphology [inset of (b) shows the unchanged porous HNR on rGO-PEDOT:PSS 
support (marked with arrows) after 5000 cycles]. 
 The enhanced capacitive performance and excellent cycling stability of the 
iron oxide inserted flexible architecture may result from the low resistance and 
electronic conductivity during the redox process, which was investigated by 
electrochemical impedance spectroscopy (EIS). The Nyquist plots in Figure 6.16(c) 
were obtained from the EIS analysis of the composite electrodes over the frequency 
range of 10 kHz to 10 mHz. All the spectra of rGO, HNR, rGHNR, and rGPPHNR 
feature almost the same type of semicircle in the high frequency region and an 
inclined line in the low frequency region. The experimental data were fitted with an 
equivalent circuit (inset of Figure 6.16c), which consists of a series and parallel 
combination of resistances. The high frequency region features the series resistance 
(Rs) and charge-transfer resistance (Rct), associated with the electrolyte solution 
resistance, the intrinsic resistance of the active material, and the charge transfer 
reaction at the electrode/electrolyte interface. The Rs values were estimated from the 
high frequency region (x-axis of Nyquist plots), and Rct was calculated from the 
diameter of the semicircle, while the inclined portion is ascribed to the Warburg 
impedance (W), probably resulting from the frequency dependence of ion 
diffusion/transport in the electrolyte to the electrode surface, while Cd is the double 
layer capacitance.
13, 40, 48-49
 The steeper part of the inclined line in the low frequency 
Chapter 6. Liquid crystal mediated self-assembly of porous α-Fe2O3 nanorods on PEDOT:PSS 
functionalized graphene as a flexible ternary architecture for capacitive energy storage 
195 
 
region represents the ideal capacitive behavior with faster ion diffusion of electrolyte 
ions and higher conductivity of the active materials.
40, 49
 According to the magnified 
high-frequency region in the top inset of Figure 6.16(c), the rGPPHNR paper 
electrode exhibited a lower Rs value of 3.1 Ω than the rGHNR composite paper (3.7 
Ω) and the rGO paper (4.1 Ω). The HNR on Pt substrate showed the smallest Rs 
value of 1.1 Ω, however, which was associated with the good electrical contact with 
Pt. The Rct value of the rGPPHNR composite was the smallest, and its Nyquist plot 
presents the steepest slope in the low frequency region among the four electrode 
materials. The electrochemical analysis clearly revealed that the novel self-assembly 
engineering of porous α-Fe2O3 on PEDOT:PSS functionalized rGO supported 
electrode results in very low resistance at the interface and a highly conductive 
nanonetwork for efficient electrolyte access. After 5000 cycles, the similar 
impedance curves (Figure 6.16 d) and similar structural morphology (Figure 6.17) of 
the tested rGPPHNR electrode to the fresh electrode demonstrates the long term 
stability of the self-assembled ternary interlayer capacitive network. 
6.4.4 Performance of the flexible symmetric supercapacitor 
Hematite nanomaterial based composite materials are very promising as negative 
electrodes for supercapacitor applications.
63-66
 In most cases, hematite based 
nanostructures have been explored to fabricate asymmetric supercapacitors to reveal 
the charge capacitive performance. As an abundant and easily processable material, 
this hematite nanomaterial needs to be explored as anode as well as cathode for 
supercapacitor application. In the developed rGPPHNR flexible electrode, a lower 
amount of hematite nanorods was used (only 35% as evidenced by the quantitative 
analysis in Table 6.2) as a spacer for the PEDOT:PSS functionalized reduced 
graphene oxide layer to create void space for the electrolyte ion penetration, even in 
the flexible state. To optimize this electrode and explore the flexibility as well as the 
mechanical stability of such electrodes in a flexible system, a symmetric 
supercapacitor (SSC) was assembled from the as-prepared electrodes (Figure 6.18a 
and b). Two identical piece of rGPPHNR free-standing electrodes (2.5 × 3 cm
2
) were 
placed on ITO-coated PET substrate and assembled into an aqueous electrolyte based 
device by inserting a Whatman filter paper as separator (presoaked in 1 M KOH 
electrolyte solution) (Figure 6.18a). 
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Figure 6.18: Symmetric supercapacitor device study of the rGPPHNR composite 
electrode: (a) schematic illustration represents the assembly of the device in 
symmetric configuration, (b) photograph of the device during electrochemical 
analysis, (c) CV profile of the device at different scan rates, (d) plot of the specific 
capacitance obtained from the corresponding CV profiles, (e) photograph of the SSC 
at 90° bending angle, and (e) capacity retention of the device after being bent 10 
times to each bending angle, ranging from 0 to 90° (inset: the CV profile of the 
supercapacitor at different bending angles at 20 mV s
-1
 scan rate). 
 To reveal the charge storage performance of the electrodes in the SSC, cyclic 
voltammetry of the device was carried out (Figure 6.18c). The insertion of HNR on 
the PEDOT:PSS functionalized graphene surface resulted in a combination of 
pseudocapacitive and electric double layer capacitive behavior in the CV profiles, 
while the presence of hematite nanomaterials had an impact on the surface charge 
Chapter 6. Liquid crystal mediated self-assembly of porous α-Fe2O3 nanorods on PEDOT:PSS 
functionalized graphene as a flexible ternary architecture for capacitive energy storage 
197 
 
storage mechanism of graphene and PEDOT:PSS, resulting in slow charging together 
with inferior performance at higher potential (Figure 6.18c). The specific capacitance 
calculated from the CV curves by using Equation 6.6 ranged from 217 F g
-1
 to 122 F 
g
-1
 at 10 mV s
-1
 to 200 mV s
-1
 scan rates, respectively (Figure 6.18d). Although the 
capacitance of the SSC is not superior to the reported flexible aqueous electrolyte 
based SSCs, considering the presence of hematite nanorods in the symmetric 
configuration, the performance is highly promising for application of small amounts 
of iron-based nanomaterials for such purposes in energy storage. To reveal the 
flexibility of the layer-by-layer ternary architecture, the rGPPHNR SSC device was 
set up for flexibility testing. The device was bent at different angles (30, 60 and 90°) 
for 10 times prior to testing the CV performance at 20 mV s
-1
. (Figure 6.18e 
represents the bending of the SSC at 90° angle.) The obtained CV profiles were used 
to calculate the capacitance after the bending test and plot the capacity retention 
against bending angle in Figure 6.18(f). The slight deviation of the CV curves at 
higher bending angle indicates the mechanical stability of the ternary rGPPHNR 
electrodes during continuous bending and the very high stability of the capacitance 
(96.7%) throughout the flexibility test. The electrochemical stability of the electrodes 
during mechanical deformation in a SSC provides a clear view of the ability of the 
designed architecture to provide sustainable flexibility for flexible supercapacitor 
application.  
6.5 Conclusions 
In summary, a high quality flexible electrode, rGO/PEDOT:PSS/porous hematite 
nanorods have successfully engineered, by a liquid-crystal-mediated soft self-
assembly approach. The feasibility of the nanorod preparation and the low 
temperature, dispersant-free fabrication of ternary components in the uniform layered 
structure offered a great opportunity for creating a high performance novel hybrid 
composite electrode material in a flexible arrangement. The hybrid 3D architecture 
of α-Fe2O3 nanorods on PEDOT:PSS functionalized rGO layers demonstrates strong 
synergistic effects, leading to very high specific capacitance of 875 F g
-1
, as well as 
outstanding volumetric specific capacitance of 868 F cm
-3
 (at 5 mV s
-1
), and 
promising energy density of 118 Wh kg
-1 
at 0.5 A g
-1
. Moreover the strong π–π 
interaction in rGO/PEDOT:PSS and the non-covalent interaction between the 
nanorods and the conductive polymer ends enables the self-assembled flexible 
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architecture to remain mechanically stable for long cycling life (5000 cycles). The 
electrode of rGPPHNR also provides promising charge storage ability in real 
symmetric supercapcitor application. The presence of non-toxic metal oxide (α-
Fe2O3) nanorods, the environmentally friendly conductive polymer (PEDOT:PSS), 
the lightweight graphene skeleton, and the easy processability for large or small scale 
electrode fabrication make the rGO/PEDOT:PSS/α-Fe2O3 composite and 
solvophobic self-assembly approach potentially suitable for potential practical 
applications in wearable or portable modern energy storage devices. 
Note: A version of this chapter has been published and the citation of the paper is 
below.  
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CHAPTER 7: THREE DIMENSIONAL CELLULAR 
ARCHITECTURE OF SULFUR DOPED GRAPHENE: SELF-
STANDING ELECTRODE FOR FELXIBLE SUPERCAPACITOR 
7.1 Introduction 
The advancement of present electronics, in terms of high performance portable and 
wearable devices, and the development of smart grids, as well as vehicle 
electrification, is based on long-lasting compact energy storage devices.
1-5
 The 
development of lightweight, cost-effective, and mechanically stable high-energy-
density electroactive materials is one possible way to design these devices, both 
large-scale and microscale.
6-10
 Considering their natural abundance and 
electrochemical durability, carbon nanomaterials have attracted the greatest interest 
as electrode materials for energy device commercialization.
11-13
 By tailoring and 
modifying their structures by thermo-chemical treatment, one- to three-dimensional 
(1D to 3D), micro- or nano-porous carbon nanostructures can be developed to expose 
maximum surface area for interfacial contact and achieve the best capability for 
electrochemical interaction from the nanocarbon assembly.
14-15
 Moreover, 
modulation of the stable carbon lattice electron configuration by heteroatom 
hybridization results in surface dynamic electroactive domains to intensify the ionic 
interactions, as well as promoting charge transfer when these nanostructures are used 
as electrode materials.
16-17
 
 As an sp
2
-hybridized single layer of hexagonal carbon lattice with 
exceptional physiochemical properties, graphene has become a popular target for 
structural modification and atomic hybridization among the different nanocarbons.
18-
22
 Successful formation of graphene-based 3D structures and insertion of different 
heteroatoms such as nitrogen (N), sulfur (S), boron (B), and phosphorus (P) influence 
the surface area and the resonance of carbon atoms by covalent electron involvement, 
and change the zero-band-gap surface to an electroactive surface with electron spin 
dense regions.
23-27
 Such an assembly strategy is able to achieve effective interaction 
with electrolyte ions, rapid reactant mass transfer, and good conduction of large ions, 
which results in excellent conductivity and energy storage capability, making these 
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composites very suitable as electrode materials for energy storage devices.
17, 23, 25, 28-
29
  
 Among the different heteroatoms, doping of graphene with sulfur (S-
graphene) has been explored intensively over the last few years, and even greater 
specific interest was aroused when it was demonstrated that the resultant sulfur-
carbon network has a wider band gap due to the electron withdrawing nature of 
sulfur and reveal enriched metallic properties.
30
 Recent studies reported by different 
research groups have shown versatile efficient applications of S-graphene, for 
example, as metal-free electrocatalyst in fuel cells,
31
 as well as electrode materials in 
supercapacitors,
32-33
 Li-ion batteries,
34-35
 Na-ion batteries,
36-37
 Li-S batteries,
38
 and 
magnetic devices.
39
 Therefore, the applications and scope of S-graphene are 
unlimited. Most of the reported S-graphene, however, is produced in powder form 
like other types of doped graphene and necessitates the use of a binding component 
(i.e. Nafion
®
, polyvinylidene difluoride) and a conducting agent (carbon black) for 
composite preparation towards electrode fabrication.
31-36, 40
 Compared with crumbly 
materials, the self-standing morphology not only allows us to avoid the classical 
multi-step electrode fabrication process, but also allows the electrodes to be prepared 
directly on a small scale or a large scale for practical applications, and offers the 
opportunity for flexible device assembly.
37, 41-42
 Preparing a nano-/micro-porous self-
standing foam of graphene along with homogeneous S-doping could be a very 
interesting approach to improve the performance of S-graphene by harvesting the 
maximum electrochemical response from the material. The high surface areas of 
atomic hybridized foam structures can offer pseudocapacitance originating from the 
electron dense doped sites, along with the native electric double layer capacitance 
(EDLC) to make them supremely ideal for supercapacitor electrode fabrication.
25, 30, 
32-33
 On the other hand, the reversible redox reactions between ionic metals (Li
+
 or 
Na
+
) and doped S atoms, and the effect of interlayer distances lead to significant 
additional capacity, making this material highly attractive as a suitable anode 
material for battery applications.
30, 36-37
  
 In view of the positive effect of atomic sulfur hybridization in a graphitic 
carbon framework towards enhancing the electrochemical response, herein, a self-
standing 3D cellular architecture was designed and developed, consisting of sulfur-
doped graphene foam (SGF) from an aqueous phase self-assembly of poly(3,4-
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ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) and large graphene 
oxide (GO) sheets. The room-temperature self-assembly approach has been applied 
to functionalize the GO surface, followed by low temperature foam fabrication with 
chemical treatment to develop a PEDOT:PSS functionalized graphene foam. Further 
pyrolysis results in the destruction of the polymer functional groups to enable S-
doping in the graphene surface with cellular architecture. The obtained atomic 
hybridized architecture has been engineered without any support from a substrate or 
template, and makes it easy to fabricate electrodes without additional binding agents, 
which can offer multifunctional electrochemical activity. The as-prepared electrodes 
were used to fabricate flexible aqueous symmetric supercapacitors (SSCs), and their 
excellent charge storage capability combined with long cycle life and their 
mechanical stability validate the flexible energy device application of this material. 
The simple preparation method, template-free synthesis, cheap and environmentally 
friendly precursors, small- or large-scale simple electrode fabrication, and 
multifunctional activity make the S-doped graphene foam a promising electrode 
material for advanced energy storage devices. 
7.2 Experimental methods 
7.2.1 Materials 
Highly dispersible graphene oxide (GO) in the liquid crystal (LC) state was prepared 
by using previously reported methods.
42-44
 A detail description of the preparation 
outlined in Chapter 3 section 3.3. Orgacon dry redispersible poly(3,4-
ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) pellets and ascorbic 
acid were purchased from Sigma-Aldrich and used as received.  
7.2.2 Preparation of sulfur-doped self-standing graphene foam  
PEDOT:PSS functionalized graphene oxide (GO-PP) was prepared by following a 
previously reported procedure.
44-45
 As-prepared graphene oxide (GO) in the liquid 
crystal (LC) state (50 mg at 2 mg mL
−1
) was mixed with 50 mg of PEDOT:PSS 
pellets (Orgacon DRY, Agfa) by continuous stirring for 12 h to obtain a 
homogeneous aqueous dispersion. The dispersion was then incubated at 40 °C for 24 
h to develop π–π interactions of PEDOT:PSS on the GO surface. During low 
temperature ageing the sulfur groups of the PEDOT chains take part in a non-
covalent interaction with the polar functional groups on the GO surface (Figure 1a) 
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and create a soft polymer layer without having any negative effect on the liquid 
crystal property of the GO content. The incubated dispersion was then centrifuged to 
decant excess PEDOT:PSS from the solution and obtain liquid crystals of 
PEDOT:PSS functionalized graphene oxide (GO-PP) in water medium (Figure 7.1a). 
20 mL (2.5 mg mL
-1
) of the GO-PP aqueous dispersion was mixed with ascorbic acid 
(1:1 weight ratio) and heated in an oven at 90 °C for 90 min. During chemical 
treatment the GO-PP content changes to a 3D foam structure composed of 
PEDOT:PSS functionalized reduced graphene oxide (rGO) foam (rGPPF). After 
several gentle washings of the foam with deionized water to remove the residual 
reducing agent, the sample was freeze-dried properly. The rGPPF then placed in a 
quartz boat and heated at 800 °C for an hour under flowing argon with a heating rate 
of 5° min
-1
 to promote the generation of sulfur species and simultaneous doping of 
sulfur atoms into the hexagonal carbon framework of graphene to yield SGF. Pure 
graphene foam (GF) was prepared from the graphene oxide without adding any 
PEDOT:PSS, using a similar preparation procedure to compare and explore the 
effects of atomic hybridization. As-prepared foams of SGF, rGPPF, and GF were cut 
into samples roughly 1 cm (length) × 1 cm (width) × 0.25 cm (height) (sample 
weight ± 1 mg) and pressed on nickel foam under 0.5 MPa for 2 min to prepare 
electrodes for device fabrication without adding any additional binding or conducting 
agents. Symmetrical supercapacitors (SSCs) were fabricated by sandwiching two 
identical electrodes with 6M KOH as electrolyte and Whatman filter paper 
(presoaked with electrolyte) as separator.  
7.3 Materials and electrochemical characterization 
The cellular architecture and surface morphology of the foams were explored by 
field emission scanning electron microscopy (FE-SEM; JEOL JSM-7500FA) and 
transmission electron microscopy (TEM; JEOL ARM200F), with the TEM equipped 
with an Ultrascan charge coupled device (CCD) camera and energy-dispersive X-ray 
spectroscopy (EDS; Bruker, MA, USA). The chemical states of the surface atoms 
were analyzed by X-ray photoelectron spectroscopy (XPS) with a PHOIBOS 100 
hemispherical analyzer with pass energy of 26.00 eV and 45° take-off angle. Raman 
spectroscopy was conducted on a H800 spectrophotometer (HORIBA Jobin Yvon) 
with a 50× microscope objective and confocal hole size of 1000 m. A 532.81 nm He–
Ar laser was used to excite Raman scattering between 200 and 3000 cm
−1
 using a 
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200 m grating. Thermal effects on the doping and specific surface area of the target 
material were respectively studied by thermogravimetric analysis (TGA) on a Mettler 
Toledo TGA/DSC1 under inert atmosphere and Brunauer–Emmett–Teller (BET) 
analysis with a NOVA 1000 instrument (Quantachrome, USA). The as-prepared SGF 
was cut to a size of 10 × 10 × 5 mm and pressed with the similar weight of electrode 
preparation prior to examine the surface electronic conductivity with a JANDEL 
four-point-probe resistivity system (model RM3) at room temperature and 20 nA 
current. Electrochemical analysis of supercapacitors was carried out on a VMP3 Bio-
Logic electrochemical workstation. Cyclic voltammetry (CV) and charge discharge 
(CD) studies of the SSC were conducted over a potential range of 0.0 to 1.0 V.  
 The following equations from reports in the previous literature have been 
used to analyze the electrochemical performance of the as-prepared symmetric 
supercapacitors.
44, 46-49
  
Gravimetric capacitance (Cs) for a single electrode of the symmetric supercapacitor 
device was calculated from the CV curves by using the following equation: 
𝐶s =
2
𝑚𝑣(𝑉𝑎−𝑉𝑐)
∫ 𝐼(𝑉)
1
0
𝑑𝑉       (7.1) 
Where I is the current (A), V is the voltage, v is the scan rate (V s
-1
), and m is the 
mass (g) of both electrodes in the device. 
The gravimetric capacitance (Cs) for a single electrode of the symmetric 
supercapacitor device was calculated from the charge-discharge curve by using the 
following equations: 
𝐶T =
𝐼×∆𝑡
∆𝑉×𝑚
         (7.2)  
𝐶s = 4 × 𝐶T         (7.3) 
Where I is the discharge current in Amperes, Δt, the discharge time in seconds, ΔV, 
the voltage change in the discharge process excluding the IR drop, m, the total mass 
of both electrodes in grams, CT is the total capacitance of the assembled device, and 
Cs is the specific capacitance of a single electrode in the device. The multiplier of 4 
adjusts the capacitance of the cell to the mass of a single electrode.  
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The energy density (E) and power density (P) of the assembled symmetric 
supercapacitor device were calculated from the following equations: 
𝐸 =
1
2
𝐶s(∆𝑉)
2/3.6           (7.4) 
𝑃 =
𝐸×3600
𝑡
            (7.5)  
Where Cs, ΔV, and t are the specific capacitance of the device, the potential window 
(V) of the supercapacitor, and the discharge time (s), respectively. 
The volumetric capacitance (Cvs, F cm
-3
) of the self-standing SGF electrode was 
calculated based on the volume v (cm
3
) of the electrode according to the following 
equation: 
𝐶vs =
𝐶s×𝑚
𝑣
           (7.6) 
Where Cs is the specific capacitance, m is the mass of the electrode, and v is the 
volume of the material after it is pressed on the Ni foam current collector electrode. 
7.4 Results and discussion 
The large number of oxygen-containing functional groups on the graphene oxide 
(GO) surface helps this material to behave as a liquid crystal (LC) and causes it to 
interact with polar components even after room temperature ageing.
44-45, 50
 It is easy 
to form a 3D porous structure with the above type of binary composition by 
conducting a simple chemical or thermal treatment where the GO sheets contribute 
as structuring component.
21, 51
 In this way, PEDOT:PSS functionalized GO (Figure 
7.1a) was prepared at room temperature in an aqueous medium. Simple low-
temperature chemical reduction (with ascorbic acid used as reducing agent) of the 
binary composition folded and entangled the polymer functionalized large GO sheets 
to develop a self-standing foam-like structure with an interconnected continuous 
network of reduced graphene oxide (rGO) functionalized with PEDOT:PSS polymer 
(Figure 7.1 b). Quantitative analysis of commercial PEDOT:PSS and the chemically 
formed foam structure of PEDOT:PSS functionalized rGO (rGPPF) reveals the 
presence of elemental sulfur, which demonstrates the presence of PEDOT:PSS after 
reduction in the 3D architecture (Table 7.1). The rGPPF was subjected to a thermal 
treatment at 800 °C following freeze-drying to obtain the S-doped graphene foam 
(SGF). Upon thermal treatment in an inert atmosphere, the structuring influence of 
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the graphene sheets helps to maintain the 3D foam morphology (Figure 7.1c), and the 
homogeneously interacting PEDOT:PSS polymers go through thermal 
decomposition to generate sulfur (S) containing species, which attack the functional 
ends on the graphene surface, followed by S-doping into the graphitic carbon 
framework with the formation of different C-S bonds (Figure 7.1c).
30, 52
 
 
Figure 7.1: Schematic illustration representing the formation of self-standing sulfur-
doped graphene foam: (a) PEDOT:PSS functionalized graphene oxide in the liquid 
crystal state, (b) low-temperature chemically modified reduced graphene oxide foam 
functionalized with the PEDOT:PSS polymer chains, and (c) high temperature 
treatment helps to decompose the polymer chains and prepare the foam architecture 
of sulfur doped graphene. 
Table 7.1: EDS quantitative analysis of the PEDOT:PSS and rGPPF composite 
carried out in FE-SEM. 
Material 
Carbon (C)  
atom % 
Oxygen (O) 
atom % 
Sulfur (S) atom 
% 
Content of 
PEDOT:PSS (%) 
PEDOT:PSS 70.1 21.6 8.3 100  
rGPPF 78.53 19.27 2.2 26.5 
7.4.1 Structural analysis of the S-doped graphene architecture 
To clearly define the progress of sulfur doping on the carbon lattice, the thermal 
profile of the rGPPF composite was revealed by thermogravimetric analysis (Figure 
7.2). The thermogram of the rGPPF composite in Figure 7.2 gives a clear view of the 
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chemical alteration during the pyrolysis process in an inert atmosphere. As shown in 
Figure 7.2, there was a small weight loss (~5 %) of the composite observed before 
250 °C, which may have arisen from the surface adsorbed moisture and partial 
degradation of the residual oxygenated groups on the rGO surface.
44
 The first major 
weight loss observed after 250 °C can be attributed to the rupture of the sulfone 
functional groups of the PSS chain.
53
 The major weight loss that appears around 300 
°C has certainly resulted from the destruction of the PEDOT:PSS polymer chains 
interacting with the graphene surface as they start producing sulfur-containing 
species for further atomic doping on the hexagonal carbon lattice of the graphene at 
higher temperature, such as after 500 °C. No substantial weight loss was observed at 
temperatures higher than 750 °C, suggesting that the decomposition of PEDOT:PSS 
and generation of doping species followed by S-doping had already been completed. 
With regard to this, the pyrolysis temperature was selected to be 800 °C for the 
preparation of the sulfur-doped network of graphene sheets in a self-standing 3D 
architecture. 
 
Figure 7.2: Thermogravimetric analysis of the rGPPF in argon. 
 The high annealing temperature (800 °C) helps to evolve the doped atomic 
hybrid structure and complete the graphene formation.
31, 42
 The PEDOT:PSS 
functionalization of GO sheets through the self-assembly approach helps to retain the 
self-restacking capability of the rGO sheets during chemical reduction to develop the 
interconnected foam structure containing cellular morphology,
54
  resulting in a 
skeleton with uniform microporosity, as revealed by the FE-SEM images in Figure 
7.3. The structure obtained from the chemical treatment of pure GO faces the 
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problem of self-restacking during the reduction process and forms a less porous 
structure (Figure 7.4). The rGPPF architecture (Figure 7.3a, b) is highly stable after 
the thermal treatment carried out for the doping approach; the FE-SEM images in 
Figure 7.3c, 7.3d, and 7.3e demonstrate a smooth porous cellular morphology, with 
continuous hollow channels in the SGF similar to those in the rGPPF. The thermal 
effect on the stacked rGO sheets alone ends in thermal deformation, which results in 
uneven porosity and a wrinkled surface morphology for GF (Figure 7.4a, b) 
compared to the SGF. The high magnification FE-SEM image in Figure 7.3e reveals 
the smooth surface morphology of S-doped graphene sheets, which indicates that the 
doping from the polymer functional groups only affects the atomic structure of 
graphene without creating any defects on the surface. 
 
Figure 7.3: Electron microscopy analysis of the foams: (a) low and (b) high 
magnification FE-SEM images of rGPPF, (c) low and (d, e) high magnification FE-
SEM images of SGF represents the cellular architecture of the material [inset to (e) 
shows the mesopores created from polymer chain degradation during high 
temperature thermal treatment]. 
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Figure 7.4: (a) Low and (b) high magnification FE-SEM images of rGO foam; (c) 
low and (d) high resolution FE-SEM images of GF. 
  The transmission electron microscopy (TEM) analysis of SGF (Figure 7.5a) 
reveals the wrinkled and folded graphene sheets which are formed during chemical 
modification to develop the porous network of S-doped graphene sheets. Moreover, 
the crumbled morphology of the surface indicates the thermal effect of doping 
without creating any surface damage to the graphene sheets (Figure 7.5b). Interlayer 
PEDOT:PSS causes the S-doped graphene sheets to stay in separate layers even after 
thermal treatment, which results in the typical selected area electron diffraction 
(SAED) pattern with 6-fold symmetry of the SGF (inset of Figure 7.5b), 
demonstrating the existence of fully ordered single- or few-layer sulfur doped 
graphene sheets in the porous cellular architecture. The corresponding energy 
dispersive spectroscopy (EDS) mapping (Figure 7.5c) of SGF demonstrates the 
presence and coexistence of sulfur (S), carbon (C), and oxygen (O) in the S-doped 
graphene foam (SGF), which further confirms the atomic composition of the evenly 
distributed elements. The EDS spectrum in Figure 7.5d indicates ~ 5.3 at.% sulfur 
content in the SGF by atomic ratio. 
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Figure 7.5: (f, g) high resolution (HR) TEM images of SGF (inset: the 
corresponding SAED pattern of SGF), (h) dark field TEM image of SGF with the 
corresponding [C] carbon, [O] oxygen, and [S] sulfur elemental mapping images, (i) 
EDS spectrum with quantitative atomic analysis (inset) of SGF.  
 The rGPPF obtained from the PEDOT:PSS functionalized GO dispersion 
results in better specific surface area compared to pure graphene foam (Table 7.2) as 
an effect of the interlayer polymer dopant, which prevents restacking of the rGO 
layers. The interlayer polymer dopant decomposes at high temperature, resulting in 
thermal degradation into sulfur containing species prior to doping and produces a 
large number of nanopores (inset of Figure 7.3e) in the three-dimensionally 
assembled microporous architecture. This gives the SGF material a pore-rich 
structure (with the pores varying from a few nanometers to micrometers), and it 
features a type-IV nitrogen adsorption/desorption isotherm with an H2-type 
hysteresis loop (Figure 7.6a), indicating the presence of mesopores,
28, 40
 and a high 
specific surface area of 537 m
2
 g
-1
, which was estimated from the absorption branch 
over relative pressure, P/P0 = 0.4–0.99), with an average pore diameter of 3 to 40 nm 
(measured from the Barrett-Joyner-Halenda (BJH) pore size distribution curve in 
Figure 7.6b). This hierarchical arrangement of meso- and micro-pores makes the 
resultant network an ultra-light material with a density of 1.64 mg cm
-3
. 
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Figure 7.6: Structural analysis of SGF: (a) nitrogen adsorption/desorption isotherm 
and (b) pore size distribution curve of the SGF; (c) Raman spectra of rGPPF (1), GF 
(2), and SGF (3), with the black arrow indicating the red shift of the band; (d) XPS 
survey spectra of GF (1) and SGF (2), (e) high resolution C 1s spectrum of SGF, and 
(f) high resolution S 2p spectrum of SGF. 
Table 7.2: Specific surface area analysis by the BET method. 
Materials Specific surface area (m
2
 g
-1
) 
SGF 537 
rGPPF 187 
GF 108 
 Raman spectroscopy is an effective technique to identify electronic or 
structural rearrangements and defects from the atomic properties. The re-
establishment of stable carbon atomic configurations occurs due to the sulfur atom 
hybridization, and the degree of graphitization was deduced from the Raman analysis 
in Figure 7.6c. The Raman spectra of rGPPF, GF, and SGF were obtained with the 
prominent peak commonly denoted as the G band at 1598, 1593, and 1586 cm
-1
, 
respectively, which is the characteristic response obtained from the first order 
scattering of sp
2
 hybridized carbon atoms.
28, 31, 40
 The D band peak at 1338, 1334, 
and 1330 cm
-1
 in Figure 3c corresponds to the defect or disorder sites of the sp
3
 
carbon atoms of rGPPF, GF, and SGF, respectively.
31-32
 The redshift (~7 cm
-1
, 
indicated with the black arrow) of the G band and D band of SGF compared to GF 
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clearly represents a substantial amount of n-type doping, due to the strong electron 
withdrawing nature of the doped sulfur in the graphene carbon lattice, as well as the 
conjugated electron structure of the hybridized atoms restored after pyrolysis.
32-33
 
Nevertheless, the band intensity ratio (ID/IG) of the Raman spectra also indicates the 
proportion of defects or disordered carbon structure in the relevant material. In this 
case, the ratios are 1.07 for GF, 1.09 for rGPPF, and 1.28 for (SGF), which helps us 
to realize that the functionalized PEDOT:PSS has successfully decomposed under 
the thermal approach and created a huge proportion of defects as well as lattice 
distortion of the carbon as an result of doping.
29, 42
 
 
Figure 7.7: (a) XPS survey spectrum of rGPPF, (b) high resolution C 1s spectrum of 
GF, (c) high resolution C 1s spectrum of rGPPF, and (d) high resolution S 2p 
spectrum of rGPPF. 
 To confirm the doping of sulfur atoms into the graphene structure and explore 
the elemental composition along with the bonding states of atomic hybridized SGF, 
X-ray photoelectron spectroscopy (XPS) analysis was applied (Figure 7.6d-f, Figure 
7.7, Table 7.3, Table 7.4). As shown in Figure 7.6d and Figure 7.7a, the survey 
spectra allowed a comprehensive assessment of the surface component composition 
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of SGF compared to GF and rGPPF (Figure 7.7a), with four characteristic peaks of 
the SGF survey spectrum showing a sulfur (S 2p) peak occurring at 164 eV, S 2s at 
231 eV, carbon (C 1s) at 285 eV, and oxygen (O 1s) at 534 eV.
31-32
 Considering the 
survey spectrum of rGPPF, the fluctuation of the sulfur peak (S 2p) from 168 eV for 
rGPPF to 164 eV for SGF indicates the bonding deformation of sulfur atoms from 
the polymer chain to the carbon lattice of graphene at high temperature. The core 
level C 1s spectrum of SGF (Figure7.6e) in contrast with  the similar spectra of GF 
(Figure 7.7b) and rGPPF (Figure 7.7c) has been deconvoluted into several peaks to 
derive the types and atomic proportions of the atomic configuration of the material. 
These peaks correspond to C=C (284.5 eV, 52.06 at.%), C–C (285.4 eV, 33.83 at.%), 
C–S–C (283.9 eV, 5.17 at.%), C–O (286.8 eV, 7.91 at.%), and C=O/O–C=O (289.3 
eV, 1.03 at.%).
33, 40
 To better understand the doping arrangement and chemical 
bonding of sulfur atoms with carbon, the high resolution S 2p core level spectrum of 
SGF was fitted and is presented in Figure 7.6f, which is distinct from the S 2p 
spectrum of rGPPF (Figure 7.7d). Due to the spin-orbit coupling effect, the S 2p 
spectrum of SGF was split into doublets of S 2p3/2 and S 2p1/2.
31
 In particular, the 
peak obtained at 163.7 eV that is attributed to S 2p3/2 (C–Sx–C bond, x =1 or 2, 56.39 
at.%) indicates the effective atomic hybridization of sulfur in to the graphene carbon 
lattice.
32-33, 55
 The peak at 164.9 eV that can be assigned to S 2p1/2 (conjugated –
C=S– bonds, 31.74 at.%) possibly indicates the presence of thiophene groups.
30, 32-33
 
The high energy peak at 168.4 eV, however, establishes the presence of oxidized 
sulfur (–SOn– bonds, 11.87 at.%) at the edge.
31, 42
 The oxidized sulfur (–SOn–) 
response may arise from the oxidation towards by products like SO4
2- 
and SO3
-
.
33
 The 
following structural analysis demonstrates the bonding configuration of the atoms in 
the sulfur doped graphene architecture, and based on this, the atomic structure of 
SGF has been illustrated in Figure 7.1(c). The novel self-assembly interaction of 
PEDOT:PSS with GO functional groups not only helps the successful homogeneous 
distribution of the polymeric doping agent, but also leads to a potentially optimum 
content of sulfur doping (5.17 at.%) on the graphene surface in a desirable well 
distributed approach (Figure 7.1c). This materials engineering approach and higher 
atomic hybridization content of SGF make it promising compared to the previously 
reported S-doped materials.
30-31
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Table 7.3: High resolution carbon region core level XPS analysis of SGF, rGPPF, 
and GF. 
Samples Carbon (C 1s) atom% 
 C–C/C=C C–O/C=O/O–C=O C–S–C 
SGF 85.89 8.94 5.17 
rGPPF 78.37 19.31 2.32 
GF 89.15 10.85 -- 
 
Table 7.4: High resolution sulfur region core level XPS analysis of SGF. 
Sulfur (S 2p) atom% 
S 2p3/2 S 2p1/2 –SOn– 
56.39 31.74 11.87 
7.4.2 Flexible symmetric supercapacitor performance 
The purpose of designing such an advanced 3D cellular architecture is to access the 
entire electroactive area of the graphene material after doping with sulfur. To explore 
the electrochemical response as an effect of doping, flexible symmetric 
supercapacitors (Figure 7.8) were assembled with binder-free electrodes composed 
of the sample materials (Figure 7.9a). The conductive hollow channel of cellular 
network of the SGF is adequately maintained after the SGF is pressed onto Ni-foam 
(Figure 7.9b, c), and the porous morphology should be highly suitable for aqueous 
electrolyte penetration and excellent electrode-electrolyte interface contact (Figure 
7.9d, e).
10, 21
 The charge storage capability of the materials was initially studied by 
cyclic voltammetry (CV) of the assembled devices at a constant scan rate (10 mV s
-
1
). In Figure 7.9f, comparison of the CV curves of GF, rGPPF, and SGF at 10 mV s
-1
 
indicates that the foam architecture of reduced graphene oxide functionalized with 
PEDOT:PSS (rGPPF) has better current separation compared to pure graphene foam 
(GF). As evidenced by the FE-SEM images, the GF obtained from direct reduction of 
GO suffers from huge agglomeration of the rGO sheets during reduction by the 
thermal treatment and features less specific surface area as well as fewer conductive 
channels, which are necessary for showing a promising electrochemical response. 
The functionalized PEDOT:PSS layer on the GO surface plays a vital role in 
interlayer interaction and helps to prevent the restacking of the rGO sheets during 3D 
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architecture formation and to increase the surface area of the material (Table 7.2). 
This conductive polymer layer also promotes electrolyte transportation through the 
channels and enhances the electrochemical response compared to GF. The huge 
current separation obtained from the SGF-material-based supercapacitor CV analysis 
gives this material the best electrochemical response compared to GF and rGPPF, 
revealing that the introduction of sulfur functionalities, particularly in thiophene 
formations (Figure 7.1c), introduces a positive charge on neighboring carbon atoms 
and generates electroactive regions for oxygen reduction on the graphene sheet 
surface.
31, 56
 It is possible that the reverse reduction of sulfones to sulfoxides and 
sulfoxides to hydroxylated sulfoxides also plays a crucial role in this enhancement.
33
 
In addition, the inhibition of graphene sheet restacking by the PEDOT:PSS 
interaction and the mesoporous channels created by the thermal degradation of 
PEDOT:PSS (Figure 7.3e) allow the electrolyte ions to completely explore the 
electron-dense active regions of the S-doped graphene surface of SGF (Figure 7.9d, 
e) and are responsible for the outstanding specific charge capacitive performance 
(Cs) of 438 F g
-1
 at 10 mV s
-1
 scan rate (calculated from Equation 7.1), whereas the 
GF and rGPPF only offer inferior specific capacitance of 168 F g
-1
 and 287 F g
-1
, 
respectively, at the same scan rate.  
 
Figure 7.8: (a) Schematic illustration of the as-prepared symmetric supercapacitor 
assembled with SGF electrodes, Whatman filter paper used as separator, and 6 M 
KOH as electrolyte; and (b) photograph of the supercapacitor device. 
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Figure 7.9: Capacitive performance of the as-prepared symmetric supercapacitor 
based on SGF binder-free electrodes: (a) single electrode prepared from the SGF by 
pressing it on nickel foam, (b) low and (c) high magnification FE-SEM images of the 
pressed SGF, reveals the existence of cellular architecture, (d) schematic of the SGF 
pressed on nickel foam, which provides a clear representation of aqueous electrolyte 
ion penetration through the cellular morphology of the electrode material, (e) 
schematic illustration represents the 3D ionic pathways of S-doped graphene 
framework and excellent interface contact of electrode-electrolyte ions due to the 
strong ionic interactions among the electrolyte ions and S-doped regions of graphene 
(inset),  (f) comparative cyclic voltammograms of symmetric supercapacitors 
developed with the as-prepared materials at a constant scan rate of 10 mV s
-1
, (g) CV 
study of the SGF supercapacitor at different scan rates, (g) specific capacitance of the 
supercapacitors obtained from the CV study, (i) comparative charge-discharge (CD) 
profiles of symmetric supercapacitors developed with the as-prepared materials at 
constant current density of 1 A g
-1
.  
 In the present case, the 3D mesoporous structure with its interconnected 
continuous porous network composed of a sulfur doped graphene skeleton (Figure 
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7.9b, c, d) provides highly conductive channels (electronic conductivity of 114 S cm
-
1
, measured by four point probe method) for smooth and fast electrolyte ion 
penetration throughout the whole electrode material to explore the pseudocapacitive 
behavior originating from the S-doped electron-dense atomic carbon structure and 
the native electric double layer capacitance (EDLC) of the graphene surface.
48-49
 
These advantages synergistically enhance the charge storage performance of SGF, 
giving it nearly a 3-fold increase compared to GF, showing this material to be one of 
the highest performing capacitive materials with a heteroatom doped graphene 
structure to date (listed and compared with the previously reported capacitive values 
in Table 7.5). Moreover, the specific capacitance of SGF is much higher than that of 
commercial activated carbon (specific capacitance ≈ 100 F g
-1
), even though the 
activated carbon features a higher surface area of ~1500 m
2
 g
-1
 compared to SGF 
(537 m
2
 g
-1
). It is well established that materials with very high specific surface area 
usually suffer from poor electrical conductivity, and the binding agents used for 
electrode fabrication block the dispersion of electrolyte ions to internal surfaces of 
the materials, leading to inferior charge storage capability.
57
 
 
Figure 7.10: (a) CD profiles of the SGF supercapacitor at different current densities, 
and (b) specific capacitance of the supercapacitors obtained from the discharge 
profiles in the CD study. 
 To optimize the electrochemical activity along with the charge storage 
reversibility, the assembled devices containing the different materials were tested at 
different scan rates from 10 mV s
-1
 to 200 mV s
-1
. The current separation of CV 
curves increases with the scan rate (Figure 7.9g, Figure 7.11a and 7.11b). The nearly-
rectangular shape of the CV curves, as well as the highest current separation of SGF 
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compared to GF and rGPPF at higher scan rates, reflects the stability of the self-
standing conductive network as a binder-free electrode material for symmetric 
supercapacitor fabrication.
17, 44
 The slight distortion of the CV curves of SGF at 
higher scan rates (200 mV s
-1
) clearly indicates the cellular architecture of micro- and 
nano-pores formed by strong interaction of the doped graphene sheets, which not 
only allows the electrolyte ions to explore the porous electroactive surface, but also 
can tolerate high speed ion diffusion with small equivalent series resistance under 
rapid charging-discharging.
47
  
 
Figure 7.11: (a) CV study of the GF symmetric supercapacitor at different scan 
rates, (b) CV study of the rGPPF symmetric supercapacitor at different scan rates, (c) 
CD study of the GF symmetric supercapacitor at different current densities, (d) CD 
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study of the rGPPF symmetric supercapacitor at different current densities, and (e) 
CD profile of three SGF supercapacitor devices in series compared with a single 
device at 1 A g
-1
 current density. 
Table 7.5: Comparison of heteroatom-doped graphene materials used for 
supercapacitor electrode preparation in two electrode configurations. 
Doped-Graphene 
materials 
Type/ 
Method 
BET 
surface 
area (m
2
/g) 
Electrolyte/ 
Potential window 
(V) 
Specific capacitance 
(F/g) 
Ref. 
SGF 
Self-standing 
foam/thermal 
process 
537 
6 M KOH/ 
0 – 1 
363 @ 100 mV/s 
367 @ 1 A/g 
Present 
work 
GF 
Self-standing 
foam/thermal 
process 
108 
6 M KOH/ 
0 – 1 
121 @ 100 mV/s 
 
Present 
work 
3D N-graphene-
CNT  
Foam/thermal 
process 
-- 
6 M KOH/ 
-1.0 – 0 
180 @ 0.5 A/g 
58
 
3D BN-Graphene 
 
Foam/hydrotherma
l process 249 
PVA/H2SO4 gel/ 
0 – 0.8 
 
132 @ 100 mV/s 
59
 
N/S- flexible 
graphene paper 
Film/thermal 
process 
385 
6 M KOH 
0 – 0.8 
305 @ 100 mV/s 
42
 
N-Graphene  
Powder/ 
plasma CVD 
process 
-- 
6 M KOH/ 
0 – 0.8 
282 @ 1 A/g 
46
 
N-Graphene  
Powder/hydrother
mal process 
-- 
5 M KOH/ 
0 – 0.8 
170 @ 0.5 A/g 
60
 
Crumpled N-
Graphene 
nanosheets  
Powder/thermal 
process 465 
1 M [Bu4N]BF4/ 
-1.5 – 1.5 
248 @ 5 mV/s 
 
48
 
N-Graphene  
Powder/thermal 
process 
-- 
0.5 M H2SO4/0 – 
0.7 
210 @ 1 A/g 
61
 
B-graphene 
nanoplatelets 
Powder/thermal 
process 
466 
6 M KOH/ 
-1.0 – 0 
160 @ 1 A/g 
49
 
porous carbon/N-
graphene sandwich 
Powder/thermal 
process 
2927 
1 M Na2SO4/ 
0 – 1.8 
57 @ 200 mV/s 
62
 
NG-sheets  
Powder/thermal 
process 630 
1 M Et4N BF4-
propylene 
carbonate/ 0 – 4 
138 @ 1 A/g 
63
 
Chapter 7. Three dimensional cellular architecture of sulfur doped graphene: Self-standing electrode 
for flexible supercapacitor 
222 
 
 The specific capacitance (Cs) of the supercapacitors was calculated from the 
corresponding CV curves and is plotted in Figure 7.9h. The three-dimensionally 
interconnected S-doped graphene network results in excellent specific capacitance of 
438, 410, 382, 363, and 346 F g
-1
 at scan rates of 10, 20, 50, 100, and 200 mV s
-1
, 
respectively, which represents promising rate capability (79%) as an electrode 
material for symmetric supercapacitor devices. On the other hand the specific 
capacitance and rate capability of GF (103 F g
-1
 at 200 mV s
-1
, rate capability of 
63%) and rGPPF (179 F g
-1
 at 200 mV s
-1
, rate capability of 61%) supercapacitors 
imply that the charge storage capacity of the self-standing graphene network is 
potentially improved by S-doping. 
 Galvanostatic charge-discharge (CD) analysis of the devices was also studied 
at different current densities to highlight the capacitance characteristics. The 
fabricated device containing SGF reveals the highest charge-discharge time (Figure 
7.10a) at constant current density (1 A g
-1
) compared to GF and rGPPF, which 
suggests that the highly porous structure and easily accessible atomic hybridized 
electroactive regions of SGF tend to store the highest amount of charge. In Figure 
7.10(a), compared with GF and rGPPF, SGF shows anodic charging regions that are 
symmetrical to their cathodic discharging counterparts within the potential window 
without noticeable voltage drop (IR), which demonstrates the perfect capacitive 
behavior of the material without internal resistance.
14, 47
 The slight deviation of the 
CD curve of SGF from the ideal triangular shape may results from the Faradic 
pseudocapacitive nature of doped sites.
48-49, 64
 The diffusion and interaction of de-
solvated electrolyte ions with the S-doped electron dense interface to form solvated -
SOx- groups may cause the ions to diffuse back to the electrolyte solution during 
discharging and make the discharge curve deviate with a tail instead of straight 
line.
30, 32, 42
 The CD curves of the GF and rGPPF devices represent deviated and 
asymmetric charge-discharge profiles at the same current density (1 A g
-1
) (Figure 
7.9h), which means that the structural morphology of the materials is not really 
suitable to allow smooth access of electrolyte ions at constant current, so that the 
devices show poor coulombic efficiency.
42
 Under different current densities (1 A g
-1
 
to 10 A g
-1
), CD analysis of the as-prepared devices indicates a similar trend for the 
charge-discharge profiles (Figure 7.10b, Figure 7.11c and 7.11d). The specific 
capacitance (Cs) was also calculated from the discharge part of the profiles to better 
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understand the charge storage properties of the materials under constant high current 
density for practical application. (Values were calculated by using Equations 7.2 and 
7.3 and are plotted in Figure 7.9j.) The SGF device presented specific capacitance 
(Cs) of 367, 338, 283, and 246 F g
-1
 at current densities of 1, 2, 5, and 10 A g
-1
, 
respectively. Along with very high charge storage capability, the self-standing S-
doped graphene architecture shows only a minute decrease in the capacitance with 
increasing current density, which emphasizes the promise of the binder-free SGF 
electrode material for high-performance, lightweight practical device fabrication.
21-22, 
30
  The specific energy density (E) and power density (P) of the assembled 
devices were determined (using Equations 7.4 and 7.5) from the specific capacitance 
obtained from the CD study and are shown on a Ragone plot (Figure 7.12a). Having 
the highest specific capacitance, the SGF based symmetric supercapacitor offers the 
highest energy density of 50.7 Wh kg
-1
 at power density of 1014 W kg
-1
 (at 1 A g
-1
 
current density), and an energy density of 27.67 Wh kg
-1
 was achieved with the 
highest power density of 15327 W kg
-1
 (at 10 A g
-1
 current density). This promising 
device performance of SGF regarding energy density and power density 
demonstrates that this material is remarkably better than the previously reported 
heteroatom-doped graphene materials used as active materials for aqueous 
electrolyte-based supercapacitors (Figure 7.12a). The assembled supercapacitor 
device with SGF was subjected to different bending angles (up to 90°) under a 
constant scan rate (20 mV s
-1
) CV study to better understand its electrochemical 
performance in a flexible state. The capacitance retention (~ 96% retained at a 
bending angle of 90°) (Figure 7.12b) and the very small deviation of the CV curves 
at different bending angles compared with the normal state demonstrate the excellent 
mechanical stability of the S-doped graphene foam and the efficient contact between 
the current collector and SGF without any binding agent (inset to Figure 7.12b). 
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Figure 7.12: (a) Ragone plot of the SGF supercapacitor device compared to the 
performance of previously reported devices fabricated with similar types of materials 
(inset: photograph of three SGF symmetric supercapacitors in series to turn on a 2 V 
LED), (b) capacitive performance of the SGF device at different bending angles 
(inset: CV curves of the device at different bending angles and photograph (inset) of 
the device at a 90 ° angle), and (c) cycle life study of the SGF device (inset: last 20 
cycles of the study), and (d) Nyquist plots of SGF supercapacitor from EIS study 
after cycle 50 and cycle 30000. 
 Apart from the gravimetric specific capacitance (Cs), the specific volumetric 
capacitance (Cvs) of the best performing SGF supercapacitor was also estimated to 
reveal the relevance of the as-prepared material for designing and developing devices 
for real application. Without having any additional binding component, the SGF 
shows an average density of 0.55 g cm
-3
 after it is pressed on the Ni-foam current 
collector (thickness of the pressed SGF from SEM of ~11 µm), and a corresponding 
volumetric capacitance of 197 F cm
-3
 (at 1 A g
-1
) was obtained. The promising 
volumetric energy storage performance of the binder-free mechanically flexible SGF 
architecture helps this advanced morphology to stand out in comparison with 
previously reported nanocarbon-based electrode materials used for supercapacitor 
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applications, such as activated graphene,
47
 graphene hydrogel,
65
 graphene/carbon 
porous structures,
62
 laser treated graphene,
66
 graphene/carbon nanotube (CNT) 
composites,
67
 and various heteroatom-doped graphene frameworks 
33, 48-49, 64, 68
. 
Three of the SGF supercapacitors were connected in a series configuration to expand 
the working potential range and capacity to meet the specific energy and power 
requirements for practical applications. The potential window increased from 1 V to 
3 V when the series connection was charged and discharged at 1 A g
-1
 (Figure 7.11e). 
The similar charge-discharge nature of the combination to that of a single device 
illustrates the superior capacitive performance without degradation of the series 
connection, which lit up a 2 V light-emitting diode (LED), as shown in the inset of 
Figure 7.12a. Continuous charge-discharge cycling of the SGF supercapacitor device 
results in remarkable electrochemical consistency and excellent coulombic efficiency 
for every cycle, with 80% of its initial capacitance retained after 30000 cycles at 5 A 
g
-1
 current density (Figure 7.12c). The profiles of the last 20 CD cycles (inset of 
Figure 7.12c) in the long cycling test highlight the high reversibility and mechanical 
stability of the electrode material. As a result of very long aqueous electrolyte 
penetration during the charge-discharge process, the SGF may suffer from minor 
difficulty in maintaining the contact with the current collector and accommodating 
internal resistance (as evidenced by the electrochemical impedance spectroscopy 
(EIS) analysis plotted as Nyquist plots in Figure 7.12d), so that it may experience 
some amount of capacitance drop after long cycling.  
 The tremendous charge storage performance and long continuous 
electrochemical cycling stability observed from the symmetric supercapacitor 
assembled with SGF is the sole outcome of this lightweight cellular flexible 
architecture of strongly connected micro- and nano-porous hollow channels 
developed from S-doped graphene sheets. The high amount of S-doping in the 
graphitic carbon backbone (~ 5.3 at.%) generates significant electron-dense dynamic 
regions, which are easily accessible by the electrolyte ions through the high surface 
area conductive network and large pore volume to yield enormous 
pseudocapacitance along with EDLC, reflecting their excellent gravimetric and 
volumetric capacitance. This further illustrates that the 3D architecture of the S-
doped graphene foam, created by following the s PEDOT:PSS functionalization 
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approach using soft self-assembly, is able to yield a high quality electrode material 
for binder-free energy storage device fabrication.    
7.5 Conclusions 
The successful development of a self-standing three-dimensionally interconnected 
cellular architecture of sulfur-doped graphene (SGF) by an approach involving the 
soft assembly of polymer chains followed by thermal treatment throws a new light on 
the fabrication of homogeneously heteroatom-doped graphene frameworks. The 
nanostructured morphology as well as the atomic hybrid orientation are the great 
advantages of this material as a high performance multifunctional energy storage 
electrode material. Along with its outstanding gravimetric capacitance (367 F g
-1
 at 1 
A g
-1
), this material revealed a very high volumetric capacitance (197 F cm
-3
 at 1 A 
g
-1
) and energy density (50.7 Wh kg
-1
 at 1 A g
-1
), as well as superior capacitance 
retention of 80% after 30000 charge-discharge cycles as a binder-free electrode 
material in a flexible symmetric supercapacitor device. The ultra-light 3D cellular 
architecture SGF demonstrates a cost-effective route towards eco-friendly materials 
for advanced high-performance portable or wearable modern electronics, as well as 
the assembly of batteries for large electric vehicles. Apart from the energy storage 
applications, such advanced self-supported cellular monoliths of doped graphene 
architecture could be very interesting resource for future biomedical applications and 
tissue engineering. 
Note: A version of this chapter has been published in the Journal of Materials 
Chemistry A. 
Ref: Islam, M. M.; Subramaniyam, C. M.; Akhter, T.; Faisal, S. N.; Minett, A. I.; 
Liu, H. K.; Konstantinov, K.; Dou, S. X., Three dimensional cellular architecture of 
sulfur doped graphene: Self-standing electrode for flexible supercapacitor, lithium 
ion and sodium ion battery. Journal of Materials Chemistry A 2017, 5 (11), 5290-
5302. 
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CHAPTER 8: THESIS CONCLUSIONS AND FUTURE 
PROSPECTS 
8.1 Thesis conclusions 
The charge storage performance and sustainable device application of flexible 
electrodes towards flexible supercapacitor assembly have been studied in this thesis. 
The first objective was the design and development of advanced materials composed 
of commercially feasible and eco-friendly composites, without conceding the 
electrochemical performance of the individual components. The second objective 
was the engineering of an appropriate fabrication methodology to produce self-
standing and mechanically robust electrodes on a large scale including highly 
conductive micro- as well as nano-channels for continuous and fast ion 
transportation. Another important factor was the stability and electrochemical 
consistency of the ion conduction channels along with flexibility during continuous 
high speed shuttling of ions.  
 The ultimate aim of the work done in this thesis was to develop self-standing 
and flexible electrodes from the different types of charge capacitive nanomaterials 
that are currently available. A scalable and cost effective bio-inspired self-assembly 
approach has been introduced to produce a range of flexible composites at room 
temperature. Liquid-crystal-mediated soft self-assembly allowed the fabrication of 
compositions of binary and ternary components on the nanoscale which allowed the 
composite to perform as a flexible electrode with robust mechanical strength. The 
surface functional groups of liquid crystal graphene oxide and the tendency of this 
ultra-large graphitic structure to form covalent/non-covalent bonding with different 
components inspired the design of conductive polymer functionalized graphene 
oxide or reduced graphene oxide composites on a large scale while maintaining the 
graphitic sheet structure as well as nano-decoration of additional components. The 
three-dimensional architecture of conductive polymer functionalized reduced 
graphene oxide and the additional insertion of metal oxides or carbon nanotubes 
resulted in highly conductive networks of interconnected ion transportation channels, 
which provided excellent electrode-electrolyte interface contact for fast ion transfer. 
Moreover, the self-assembly approach helped to develop huge interlayer spaces to 
accommodate large numbers of ions. The Faradic processes in the flexible electrodes 
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were supported by these structural effects and boosted their electrochemical charge 
storage capacity. The flexible composites were then successfully implemented as 
direct electrodes in practical supercapacitor devices in symmetric or asymmetric 
configurations to evaluate their charge storage performance. 
 Simple mixing of conductive polymer (PEDOT:PSS) with liquid crystal 
graphene oxide and low cost, eco-friendly chemical modification made it possible to 
prepare binary components with flexible layer-by-layer architecture in electrodes to 
be used in asymmetric supercapacitors. The as-prepared binder-free electrodes 
resulted in promising charge storage performance such as specific capacitance of 132 
F g
-1
, energy density of 55.76 Wh kg
-1
, and power density of 25.54 kW kg
-1
 with 
satisfactory mass loading for practical applications. Their increasing charge storage 
ability (with the specific capacitance increasing by 19%) during continuous 
charging/discharging for 2000 cycles emphasizes the excellent stability of these 
flexible electrodes in long-lasting real device fabrication. The significant 
improvement in electrochemical performance is attributed to the high specific 
surface area due to the insertion of a conductive PEDOT:PSS layer in between 
reduced graphene oxide layers, well-guided charge transfer kinetics through highly 
conductive pathways, and large effective contact area with the electrolyte during the 
electrochemical process.  
 To explore the structure-electrochemistry relationship of flexible electrodes, 
conductive polymer (PEDOT:PSS) was functionalized on graphene oxide surface 
following a selective pre-decoration of carbon nanotubes. The highly stable 
interaction of carbon nanotubes and PEDOT:PSS with the graphene oxide surface 
helped to prevent the intrinsic self-agglomeration of graphene oxide and develop a 
mechanically robust (tensile strength of around 300 MPa and toughness of 9.1 MJ m
-
3
), flexible architecture with a large number of interlayer nano-channels originating 
from the PEDOT:PSS and carbon nanotube assembly. This advanced three-
dimensional morphology of ternary components promoted outstanding electronic 
conductivity (38700 S m
-1
) and promising charge storage ability (364 F g
-1
) in an 
asymmetric supercapacitor device. The energy density (11.4 Wh kg
-1
) and power 
density (145 W kg
-1
) of the electrode in an aqueous electrolyte system made it 
promising for safe, eco-friendly, and low-cost flexible device assembly of smart 
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textiles or wearables. Further structural advancement in a flexible architecture was 
achieved by introducing highly porous hematite nanorods in conductive-polymer-
functionalized graphene oxide layers. Hematite (α-Fe2O3) was chosen to make the 
three-dimensional architecture commercially and environmentally more feasible for 
large-scale production. The functional ends of PEDOT:PSS helped to interact with 
the graphene oxide, as well as developing a non-covalent interaction with the oxygen 
of the hematite nanorods. Liquid mediated assembly of such multi-component 
decorated crystals formed a layer-by-layer three-dimensional architecture with an 
interconnected conductive network, and the homogeneous distribution of porous 
nanorods helped to create interlayer porosity. The flexible electrode achieved a very 
high specific surface area, which is highly suitable for electrolyte ion penetration. 
The hybrid 3D architecture of α-Fe2O3 nanorods on PEDOT:PSS functionalized rGO 
layers demonstrated strong synergistic effects of the components, leading to very 
high specific capacitance of 875 F g
-1
, as well as outstanding volumetric specific 
capacitance of 868 F cm
-3
 (at 5 mV s
-1
) as an free-standing direct electrode. It also 
continued its electrochemical supremacy, even in an aqueous-electrolyte-based 
symmetric supercapacitor (217 F g
-1
) under mechanical deformation at various 
bending angles for a certain number of times. The potential flexible performance of 
this electrode is due to the natural nanoscale interactions of the components and the 
bulk ion storage space created from the assembly, as well as the conductive-polymer-
decorated fast ion transportation pathways. 
 The experience from the above-mentioned three works inspired research 
work to develop a single material from the PEDOT:PSS functionalized graphene 
oxide composite with more internal surface area and more effective surface for 
charge storage and transportation. Heteroatom doping was undertaken as a possible 
approach. PEDOT:PSS is a good source of heteroatom (sulfur) doping to serve this 
purpose. The π–π interacting PEDOT:PSS polymer chains were homogeneously 
distributed and made the doping of sulfur atom possible in a three-dimensional self-
standing cellular architecture of graphene after thermal treatment. Thermal 
degradation of the polymer chain helps to generate mesopores as well as nanopores, 
which allowed the material to have a large surface area with bulk electroactive 
regions on the surface for better interfacial contact with electrolyte ions, resulting in 
unprecedented energy storage capability in a flexible aqueous symmetric 
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supercapacitor (capacitance of 367 F g
-1
, energy density of 50.7 Wh kg
-1
, and power 
density of 1014 W kg
-1
) and retaining charge storage performance of over 80% after 
30000 continuous charge discharge cycles. The ultra-light 3D cellular architecture of 
sulfur doped graphene demonstrates a cost-effective route towards eco-friendly 
materials for advanced high performance portable or wearable modern electronics, as 
well as the assembly of batteries for large electric vehicles. 
 Considering the potential features of flexible supercapacitors and the scope to 
develop sustainable electrodes for the required device assembly, the ultimate aim of 
my doctoral thesis has been to emphasize the development of advanced structural 
morphology for flexible electrodes and analyze the performance of electrodes in 
practical supercapacitor devices in different configurations for balancing the energy 
demands of different sources. Inspired from the knowledge of previously reported 
study reviewed in Chapter 2, certain potential approaches have been designed to 
develop flexible electrode materials for the fabrication of advanced flexible 
supercapacitors. The self-assembled architectures of this study provides promising 
electrochemical energy storage ability compared to the reported materials 
demonstrated in literature review to serve the similar purpose. The thesis represents 
the significance of as-prepared flexible materials towards the advancement of 
flexible supercapacitor for modern electronics.   
8.2 Future prospects 
There has been long-term, extensive research work going on to develop mechanically 
robust flexible electrodes for direct application in supercapacitor device assembly. 
Different types of electrodes have been developed by following various materials 
assembly approaches to harvest the maximum electrochemical performance of the 
component materials. The intrinsic agglomeration of conductive polymers or carbon 
materials such as graphene always makes it a great challenge to push these materials 
to their limits to achieve the highest electrochemical outcomes. Making a 
nanostructure with large internal surface area to facilitate electrolyte ion penetration 
cannot be the sole solution to the problem. Nevertheless, low rate capability and low 
electrical conductivity are still major problems for improving the morphology. The 
target structure also needs to be highly conductive and to tolerate the transport 
pathways needed to allow high speed traffic of electrolyte ions. It is anticipated that 
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the nanoscale advancement of such materials can have an impact on their physico-
chemical and electrical properties and result in better electrode-electrolyte interfacial 
contact and charge storage ability. Even though nanostructured materials in layer-by-
layer flexible architectures show various advantages, composites with metal oxides 
incorporated still suffer from considerable capacity fading, structural rigidity, and 
degradation during cycle life. Such charge storage issues can be resolved by 
developing self-assembled three-dimensional flexible architectures from conductive-
polymer-functionalized graphene oxide by incorporating more capacitive metal 
oxides in a commercially effective approach. Changing the polymer functionalization 
strategy on the graphene oxide surface prior to the self-assembly of liquid crystals 
can be a vital option for further development. Modification of conductive polymers 
with more active functional groups may help to decorate more capacitive 
components on a single plane of carbon support to explore their charge storage 
performance and mechanical deformation capability as electrode in a flexible 
supercapacitor. On the other hand, it is very important to understand the basic 
science and chemistry involved in the structural evolution of electrode materials and 
their complete activity related to the electrolyte ion interaction in practical 
supercapacitors. Detailed electrochemical study during charging and discharging 
may reveal better solutions to make it possible to design the materials with better 
conductivity and charge storage ability for flexible application, even in higher 
temperature application. 
 
Figure 8.1: (a) Schematic illustration showing ENHANS filament consisting of a top 
perovskite solar cell (PSC) and bottom solid-state symmetric supercapacitor (SSC) 
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with shared copper electrode. This “bi-functional energy ribbon” has been realized 
based on the copper filament as an anode (Electrode 1) for both PSC and SSC, while 
ITO/PET and another thin copper ribbon act as cathodes (Electrodes 2 and 3) for the 
PSC and SSC, respectively, and (b) a photograph showing a military uniform 
incorporating a lightweight fabric woven with ENHANS filaments and cotton 
threads.
1
  
 A recent advance in energy devices is the synchronization of functionality, 
such as development of a single device which can generate charge by itself and store 
it. Such a design is basically a perfect combination of an energy harvesting device 
and an energy storage device in a single combination. In collaboration with the Nano 
Energy-photonics group, the Nanoscience Technology Center at University of 
Central Florida, USA, developed energy-smart wearable ribbons which can 
simultaneously harvest energy and store it internally. The energy harvesting and 
storing (ENHANS) filament (Figure 8.1) integrates a perovskite solar cell (PSC) and 
a symmetric supercapacitor (SSC) into a single ribbon capable of harvesting and 
storing energy by itself. When the flexible solar filament (with a conversion 
efficiency of 10.5%) of the integrated device was illuminated with simulated solar 
light, the supercapacitor maintained an energy density of 1.15 mWh cm
-3
 (at 4 mA 
cm
-2
) and a power density of 243.46 mW cm
-3
 (at 8 mA cm
-2
), generated by the solar 
cell. Moreover, these filaments were successfully woven into a fabric form. The all-
solid-state filament unveils a highly flexible and portable self-sufficient energy 
system with potential applications in wearables, drones, and electric vehicles.
1
 It will 
be interesting to design flexible supercapacitors from the electrodes created ub this 
doctoral study to integrate with an energy harvesting component for smart portable 
or wearable electronics in the near future. 
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